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The development of transition metal complexes as a component of Lewis acid/base pairs 
for use in small molecule activation is presented. This concept stems from the nascent 
field of frustrated Lewis pair (FLP) chemistry.  
A Pt(0)-diphosphine monocarbonyl complex, [Pt(CO)(L)] was shown to act as the Lewis 
base component of a cooperative Lewis pair with tris(pentafluorophenyl)borane 
(B(C6F5)3). The synthesis of [Pt(CO)(L)] with the two diphosphine ligands, 1,2-bis(di-
tert-butylphosphino)xylene (L1) and 1,2-bis(di-tert-butylphosphinooxy)benzene (L2), 
was achieved with L2 being a stronger π-acceptor than L1. The cooperative Lewis pair 
system [Pt(CO)(L)]/B(C6F5)3 successfully activated H2, ethene, phenylacetylene, THF, 
H2O and CO2. The difference in the electronics of the two systems and the use of 
isotopically labelled [Pt(13CO)(L)] led to a proposed pathway of activation for the small 
molecules tested. NMR spectroscopy was used to observe the binuclear Pt(I) cation, part 
of the ion pair [Pt2(µ-H)(µ-CO)(L)2][HC(O-B(C6F5)3)B(C6F5)2], as a key intermediate in 
the pathway of dihydrogen activation of the system. 
Preliminary investigations into the modification of the Pt(0)/B Lewis pair system were 
made through variation of the ligand diphosphine backbone and it was found that a 
sufficiently bulky phosphine substituent was necessary to stabilise a Pt(0)-monocarbonyl 
complex. A range of Lewis acids were substituted for B(C6F5)3 and were tested for 
dihydrogen activation. Primarily in these cases, oxidative addition of H2 to [Pt(CO)(L)] 
was observed followed by cooperative action of the Lewis acid to form cation  
[Pt2(µ-H)3(L)2]
+, observable by NMR spectroscopy.   
A new series of pendant amine diphosphine ligands (R’PCH2N(R)PR’ (P
R’NRPR’), R’P = 
s-PhobP (9-phosphabicyclononane) or CgP (1,3,5,7-tetramethyl-2,4,8-trioxa-6-phosha-
adamantane cage), R = Me, iPr, Bn) and the corresponding manganese complexes 
[Mn(CO)3(PNP)][BAr
F
4] were synthesised as an intramolecular cooperative Lewis pair 
system. H2 activation was only successful when using P
CgNRPCg with slower rates 
observed for larger N-substituents. Initial results for their use in the electrocatalytic 
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Chapter 1  
Introduction 
1.1 Lewis Acids and Bases 
The Brønsted-Lowry theory of acids and bases defines acids and bases by their proton 
donor and acceptor abilities respectively.1,2 In 1923, Lewis introduced a new 
classification of acids and bases to more broadly identify them as electron pair acceptors 
and donors respectively.3 The lowest unoccupied molecular orbital (LUMO) of a Lewis 
acid interacts with a lone pair of electrons in the highest occupied molecular orbital 
(HOMO) of a Lewis base. The combination of a Lewis acid and a Lewis base leads to a 
Lewis adduct being formed (Figure 1.1A). A classic example of a Lewis adduct is 
ammonia-borane (Figure 1.1B); the lone pair on the nitrogen of ammonia donates into 
the vacant orbital on the boron of borane.4  
Moving on from the original definition in 1923, systems have been reported which 
deviate from Lewis’s classification. In 1942, Brown et al. observed that 2,6-lutidine was 
capable of forming a stable Lewis adduct with boron trifluoride (Scheme 1.1A).5,6 
However, no interaction was observed upon mixing 2,6-lutidine with trimethylboron. It 
was noted that this was most likely a consequence of adverse steric interactions between 
the ortho-methyl groups of 2,6-lutidine and the methyl groups of trimethylborane. 
Almost two decades later, Wittig et al. reported the reaction of triphenylphosphine and 
triphenylborane with in situ generated benzyne to form phosphonium borate 1.1 (Scheme 
1.1B).7 During studies of organic ate-complexes, Tochtermann observed the formation 
Figure 1.1: A) A schematic representation of a Lewis acid-base adduct; B) one of the simplest Lewis 
adducts ammonia-borane. 




of trapping product 1.2 instead of the formation of polybutadiene.8 The lack of formation 
of classical Lewis adducts was realised and it was this work which led Tochtermann to 
describe such a compound using the German term ‘‘antagonistiches paar’’. The 
subsequent reactivity of these systems was not explored further by the authors at the time. 
1.2 Frustrated Lewis Pairs 
Whilst investigating phosphine-borane interactions in 2006, Stephan et al. reported the 
serendipitous synthesis of zwitterion 1.3 which resulted from para-nucleophilic aromatic 
substitution of B(C6F5)3 with the sterically demanding phosphine Mes2PH (Mes = 2,4,6-
trimethylphenyl) (Scheme 1.2);9 a similar observation was made by Erker et al. on a 
related phosphine-borane system.10 Treatment of 1.3 with Me2SiHCl formed zwitterion 
1.4 which contains both hydridic and protic fragments. Simply heating 1.4 led to a 
dramatic colour change of the solution from colourless to orange-red and the elimination 
of H2 was observed to form species 1.5. Most importantly, this reaction was reversible 
and reaction of H2 with 1.5 at room temperature regenerated 1.4. This was the first known 
example of reversible dihydrogen activation by a system solely synthesised from main 
group elements.  
 
 
Scheme 1.1: A) Reaction of 2,6-lutidine with boranes reported by Brown et al.; B) Reaction of in situ 
generated benzyne with a phosphine and borane reported by Wittig; C) Formation of trapping product 1.2 
by Tochtermann. 




Phosphine-borane 1.5 was proven to be monomeric in solution and the lack of 
aggregation was reasoned to be due to the steric congestion surrounding the boron and 
phosphorus centres.9 This was later defined as the first example of a ‘frustrated Lewis 
pair’ (FLP), a term defined in 2007 by Stephan when investigating the reactivity of 
related intermolecular phosphine-borane systems with olefins.11 
Returning to Lewis’s definition, the combination of a Lewis acid and a Lewis base should 
result in the formation of a Lewis adduct where there is a dative bond between the two 
components (Figure 1.2). A frustrated Lewis pair is defined as a Lewis pair which cannot 
form the classical donor-acceptor interactions due to the steric demands around the Lewis 
acidic and basic centres. This results in latent, unquenched reactivity of the Lewis pair 
which has evidently been used for a variety of transformations.12,13    
1.3 Main Group FLPs and Small Molecule Activation 
Initially, work surrounding small molecule activation by FLPs focused on systems 
comprising of sterically hindered, electron rich phosphines (PtBu3 and PMes3) partnered 
Scheme 1.2: Synthesis of zwitterion 1.5 and the reversible reaction with H2. 
Figure 1.2: Schematic representation of a classical Lewis pair (left) and a frustrated Lewis pair (right). 




with a highly Lewis acidic fragment, predominantly B(C6F5)3. These systems have shown 
to activate a variety of small molecules under relatively mild conditions (Scheme 1.3).  
After the initial discovery of reversible dihydrogen activation with phosphino-borane 1.5, 
investigations focused on a simpler intermolecular system PR3/B(C6F5)3. No evidence of 
Lewis adduct formation was observed for PR3/B(C6F5)3 (R = 
tBu, Mes) but facile 
activation of H2 was achieved at room temperature.
14 Unfortunately, this activation was 
found to be irreversible. Several other combinations of less Lewis acidic and basic 
phosphines and boranes were attempted with little success in dihydrogen activation. 
Some dihydrogen activation was observed with PtBu3/BPh3 but only gave 33% yield of 
the H2 heterolytic cleavage product and required much longer reaction times than 
PR3/B(C6F5)3 (R = 
tBu, Mes). Even from this early study it was apparent that the correct 
combination of sterics and electronics were necessary to achieve the desired reactivity. 
The PR3/B(C6F5)3 system also showed high reactivity to alkenes giving 1,2-addition 
products across simple terminal alkenes11 and 1,4-addition products across 1,3-dienes 
(Scheme 1.3).15 Interestingly, activation of an intermolecular alkene was shown by 
combination of CH2=(CH2)3PR2 (R = 
tBu, Mes) and B(C6F5)3.
11 Reaction of 
PR3/B(C6F5)3 with alkynes were slight more complex where two competing pathways of 
activation of PhCCH observed.16 When using PtBu3, deprotonation of the terminal alkyne 
Scheme 1.3: Summary of small molecules activations by intermolecular FLP PR3/B(C6F5)3. 




was observed but when PPh3 and P(o-tol)3 were used the 1,2-addition product forms. 
This was reasoned to be due to the relative high basicity of PtBu3 promoting 
deprotonation over 1,2-addition. The same reactivity was also observed when using 
Al(C6F5)3 in place of B(C6F5)3. 
Secondary phosphines tBu2PH and Mes2PH were shown to ring open THF by attack at 
the activated α-carbon of the cyclic ether after initial coordination to B(C6F5)3 (Scheme 
1.3).17 The PR3/B(C6F5)3 system was also shown to be able to sequester CO2 with heating 
to 80 °C necessary (R = tBu) to liberate CO2.
18 PR3/B(C6F5)3 reacted rapidly with SO2 to 
form a product reminiscent of the CO2 activation product.
19 However, the molecular 
structure revealed distorted trigonal pyramidal geometry at the sulfur indicating  
S-centred chirality. 
The ethylene linked intramolecular FLP Mes2P(CH2)2B(C6F5)3 contains Lewis acidic and 
Lewis basic centres similar to the intermolecular system shown in Scheme 1.3. The 
synthesis and reactivity of this linked P/B FLP has been explored extensively by Erker 
et al (Scheme 1.4). The FLP exists in solution as a quenched four-membered cyclic 
intramolecular phosphine-borane.20 This exists in equilibrium with its ‘open’ state which 
is then capable of further reactivity with small molecules.       
Scheme 1.4: Summary of small molecule activations by intramolecular FLP Mes2P(CH2)2B(C6F5)2. 




This intramolecular FLP reacts with H2 at room temperature irreversibly but it was shown 
that the subsequent reduction of benzaldehyde by the zwitterionic cleavage product could 
be achieved (Scheme 1.4).20 The activation of CO2 was found to be extremely reversible 
with the product being relatively stable as a solid but in solution CO2 rapidly dissociates 
above −20 °C.18 The analogous reaction with SO2 at −78 °C again led to a chiral product 
as with the intermolecular FLP system.19 The system reacted with alkenes21 and carbonyl 
compounds22 where the regiochemistry followed the tendency of forming new P-C and 
B-O bonds in the products. The most interesting observation was the activation of the 
carbonyl group in trans-cinnamic aldehyde over the alkene bond.     
The design of frustrated Lewis pairs containing phosphorus as the Lewis base and boron 
as the Lewis acid in either intra- or intermolecular systems has rapidly expanded since 
the term FLP was coined in 2007. Figure 1.3 shows a range of intra- and intermolecular 
FLP systems.23–29 Many of these systems have shown reactivity towards small molecules 
although these systems do not exhibit reactivity with such an extensive range of 
substrates compared to the systems shown in Scheme 1.3 and  1.4. It is of interest to note 
that some of the examples show the use of relatively electron-withdrawing phosphines 
and relatively electron-donating boranes contrary to initial requirements thought to be 
Figure 1.3: Selected examples of intra- and intermolecular P/B FLP systems which display a range of 
small molecule activation. 




necessary for FLP reactivity. This demonstrates that it may not be necessary to use highly 
Lewis acidic/basic components to enable small molecule activation.   
The alkyne activation shown in Scheme 1.3 by an intermolecular FLP also proceeded 
with the use of Al(C6F5)3 instead of B(C6F5)3.
16 This was one of the first examples of 
using an element other than boron for the Lewis acidic centre in an FLP. Since then a 
variety of intra- and intermolecular P/Al FLPs have been developed (Scheme 1.5).30–34  
The geminal P/Al system 1.6 was developed by Lammertsma and Uhl et al. in 2011 by 
the hydroalumination of alkynylphosphines (Scheme 1.5A).30 Reaction with 
phenylacetylene initially gave a 3:1 deprotonation/1,2-addition product (1.7/1.8) 
respectively. Heating the reaction mixture to 70 °C for 1 h resulted in the full conversion 
to 1.8. P/Al FLP 1.6 was also shown to activate CO2 and H2. More recently, Uhl et al. 
have shown an analogue to activate α,β-unsaturated carbonyl compounds, aldehydes, 
azides, isocyanates and carbodiimides.31,33  
In 2011, Stephan et al. reported the use of simple aluminium halides as the Lewis acidic 
components of an intermolecular FLP (Scheme 1.5B).34 It was shown that activation of 
CO2 occurs with a 2:1 stoichiometry of AlX3 (X = Cl, Br, I) to PMes3 and further reaction 
of 1.10 led to the stoichiometric reduction of CO2 to CO.  Harder et al. has recently shown 
the use of a highly Lewis acidic cationic aluminium complex with the simple Lewis base 
Scheme 1.5: A) Geminal P/Al FLP capable of activating phenylacetylene and CO2; B) Intermolecular 
P/Al FLP capable of stoichiometrically reducing CO2 to CO. 




PPh3 in the activation of terminal alkynes and alkenes, carbon dioxide, epoxides and alkyl 
chlorides.32   
Stephan et al. have exploited the use of highly acidic phosphorus(V) Lewis acids in FLP 
chemistry.35–38 1,2-Diphosphonium dication 1.11 acts as a P(V) Lewis acid in 
combination with a P(III) Lewis base in the FLP activation of B-H, Si-H, C-H and H-H 
bonds (Figure 1.4A).37 Amidophosphorane 1.12 was found to sequester CO2 under mild 
conditions despite there being a formal, albeit weak, bond between the P and N centres 
(Figure 1.4B).35 It was thought that the reactivity occurred from the resonance form 1.13 
which contains a charge-separated P-N bond that is reminiscent of ‘classical’ FLPs.  
Following on from this, the use of amines as a Lewis base in FLPs has been thoroughly 
explored.39–47 Scheme 1.6 shows some examples of N/B FLPs which successfully 
activated small molecules. A simple N/B FLP iPrNH2/B(C6F5)3 activated H2 after 1 h at 
110 °C to form the heterolytic cleavage product 1.14 (Scheme 1.6A).39  
2,6-Dimethylpiperidine in combination with B(C6F5)3 heterolytically cleaved H2 at room 
temperature with B(C6F5)3 (Scheme 1.6B). Several substituted piperidine and lutidine 
components were successfully tested for H2 activation with B(C6F5)3.
41 Most notably, 
2,6-lutidine/B(C6F5)3 was capable of H2 heterolytic cleavage with 2,6-lutidine being one 
of the components of the early examples of FLP chemistry before the name was coined 
in 2007. In 2012, Stephan and Erker et al. reported the use of several different 
amine/B(C6F5)3 combinations and showed the extent to which small molecule activation 
possible with this intermolecular system.48 This included activation of dihydrogen, 
alkenes, alkynes, carbon dioxide, and diynes.  
 
Figure 1.4: Phosphorus(V) Lewis acids used for small molecule activation 




Intramolecular systems have also been developed with the first notable example reported 
by Piers et al. in 2003, before the FLP paradigm was discovered.49 Amino-borane 1.16 
was shown to trap H2O and HCl but did not show reactivity towards H2 (Scheme 1.6C). 
Attempts to chemically synthesise the H2 cleavage product simply led to the expulsion 
of dihydrogen which was rationalised to be due to the low Lewis basicity of the nitrogen 
component, which is now known to have a significant effect on small molecule 
activation. Several other examples have been report by the groups of Erker50 and Repo.43 
The ansa-aminoboranes were described as ‘molecular tweezers’ as the amine and borane 
were orientated towards each other but in a noncoordinating mode (1.18, Scheme 1.6D).40   
1.3.1 Catalysis with Main Group FLPs 
A wide range of main group FLPs has been developed and their use in stoichiometric 
small molecule activation is well documented. A principal focus has been to utilise these 
main group systems for catalytic transformations.51 A notable progression in the field of 
FLPs has been the development of transition metal free systems for hydrogenation 
Scheme 1.6: Examples of activation by inter- and intramolecular N/B FLPs. 




catalysis. In 2007, Stephan et al. reported the use of the ‘first’ FLP 1.5 as a hydrogenation 
catalyst for imines, nitriles and aziridines.52 It was noted here that the steric hinderance 
around the nitrogen centre on the amine product played an important role in preventing 
catalyst deactivation by formation of a strong Lewis adduct. The dissociation of the 
resultant amine-borane adduct can be encouraged by the use of bulky substituents, which 
appears to be the limitation of the substrate scope of imine hydrogenation by FLPs.53 
Following on from the reactivity of 1.5 as a hydrogenation catalyst, in 2008, Stephan et 
al. reported the use of B(C6F5)3 as a Lewis acid hydrogenation catalyst where the initial 
hydrogenation activation occurs between the starting imine and B(C6F5)3 in an FLP-type 
manner (Scheme 1.7).54 This generated an activated iminium cation which underwent 
reduction to form the borane adduct of the product amine. If the stereoelectronic 
properties of this adduct are suitable then B(C6F5)3 catalyst and amine product are 
released generating a catalytic system.  
The substrate scope of hydrogenation by FLP catalysts has been extended to enamines,55 
silyl enol ethers,56 oxime ethers,57 and have even been used successfully in transfer 
hydrogenation of imines and cyclohexa-1,4-dienes.58,59 This chemistry has also extended 
to the hydrogenation of non-polar bonds including alkenes60,61 and alkynes.62 
The hydrogenation of carbonyl compounds by FLPs was problematic initially due to the 
formation of boronic esters due to the high oxophilicity of boron.63 In 2014, the groups 
of Stephan and Ashley concomitantly reported the use of ethers (Et2O, THF) to 
Scheme 1.7: Mechanism of B(C6F5)3 catalysed-imine hydrogenation with FLP activation of H2. 




successfully hydrogenate carbonyl compounds.64,65 The oxygen of the ether solvent acts 
as the Lewis base with Lewis acidic B(C6F5)3 to initiate the catalysis by dihydrogen 
activation to form [(Ether)-OH][H-B(C6F5)3)] from which transfer of the hydride and the 
proton to the carbonyl compound is facile.66 
When employing an asymmetric FLP, the chirality has been successfully induced to the 
product for enantioseletive hydrogenations.67–72 Figure 1.5 shows some examples of 
chiral boranes which, with varying success (ee ranging from 13 to 99%), have 
hydrogenated prochiral imines and ketimines enantioselectively.      
Research has also evolved to investigate the catalytic reduction of CO2.
73–76 In 2009, 
Ashley and O’Hare et al. reported the use of 2,2,6,6-tetramethylpiperidine and B(C6F5)3 
with H2 to reduce CO2 to MeOH after simple work-up.
73 However, this process was not 
catalytic as the borane was destroyed in the work-up. Fontaine et al. was the first to report 
the catalytic reduction of CO2 to MeOH using a P/B FLP in the presence of a sacrificial 
hydroborane.74  
In 2013, Stephan et al. also showed the hydroamination of terminal alkynes catalysed by 
B(C6F5)3  to form 1.20 (Scheme 1.8).
77 The initial addition product can undergo a 1,3-
proton transfer to release the enamine 1.21 and regenerate B(C6F5)3. It has also been 
shown that a one-pot hydroamination/hydrogenation is possible to form the 
corresponding amine 1.22.  
Figure 1.5: A selection of chiral boranes capable of enantioselective hydrogenations. 




1.4 Transition Metal FLPs and Small Molecule 
Activation 
Further developments in the field of frustrated Lewis pair chemistry has seen the 
replacement of main group elements for transition metals as either the Lewis acidic or 
Lewis basic component. An appeal of using transition metals in FLP systems is the ease 
with which the properties of the metal system can be changed by simple synthetic 
modification of the ligand. This is in comparison to the challenging methods needed to 
modify the fluorinated boranes used in main group FLP chemistry. The reactivity of 
traditional transition metal complexes is instrumental in homogeneous catalysis and 
includes reactivity such as oxidative addition, reductive elimination and migratory 
insertion. It was envisaged that the right combination of this transition metal reactivity in 
combination with FLP systems could lead to the design of novel activation catalysts.78  
Transition metal complexes comprised of titanium and zirconium centres have been used 
widely in homogenous catalysis as a Lewis acid for a variety of synthetic 
transformations.79,80 In 2011, whilst investigating Lewis acid exchange reactions, 
Stephan et al. reported the synthesis of a Lewis acidic zirconocene complex, 
[Zr(Cp*)2(OMe)][B(C6F5)4] (Cp* = pentamethylcyclopentadienyl)  and, in combination 
with the Lewis base PtBu3, was capable of N2O activation.
81 No further small molecule 
activation was investigated in this study.  
Scheme 1.8: Tandem catalytic hydroamination/hydrogenation of terminal alkynes by B(C6F5)3. 




In 2011, the Wass research group reported the synthesis and application of a series of 
intramolecular Zr+/P FLP systems.82 These systems were based on a zirconocene 
alkoxide complex with a tethered Lewis basic phosphine group with variation with the 
Cp (Cp = cyclopentadienyl) rings or the phosphine substituents (1.23, Scheme 1.9). No 
Zr-P interaction was observed in solution or the solid state with the complex isolated as 
a labile chlorobenzene solvate. This system was shown to undergo a variety of small 
molecule activations, both reactions ubiquitous in FLP chemistry (such as H2, CO2 and 
ethene) as well as more exotic activations such as alkyl halide bonds (Scheme 1.9).  
An interesting observation was made for the activation of H2. FLP 1.23 underwent facile 
but irreversible H2 activation whereas the Cp analogue did not react at all. It was proposed 
that it was necessary to use more electron rich ligands to increase the electron density at 
Scheme 1.9:  Small molecule activations by intramolecular Zr+/P Lewis pair 1.23. [B(C6F5)4]- omitted for 
clarity. 




the Zr centre, as this enabled the initial binding of H2 as a necessary but transient 
mechanistic intermediate. Using the mixed Cp/Cp* analogue of 1.23 led to reversible 
heterolytic cleavage of H2.    
These Zr+/P FLPs systems were also shown to be active in the catalytic dehydrogenation 
of various amine-boranes.82 The Ti analogue of 1.23 was also synthesised and reacted 
with H2, resulting in the reduction of Ti
IV  to TiIII, and was also shown to catalyse the 
dehydrogenation of Me2HN.BH3.
83 The chemistry was extended by the ring opening of 
THF by the La analogue of 1.23.84 
Scheme 1.10: Small molecule activation by intermolecular Zr+/P Lewis pairs. [B(C6F5)4]- omitted for 
clarity. 
 




More recently, the Wass group demonstrated the modification of their original 
zirconocene system to an intermolecular equivalent, eliminating the synthetic challenge 
of incorporating an internal Lewis base.85 Lewis acidic fragments [Zr(Cp)2(OMes)]
+ and 
[Zr(Cp*)2(OMes)]
+  (both with [B(C6F5)4]
- counterion) were able to be combined with a 
variety of phosphines (PR3, R = Cy, Et, Ph, Mes and C6F5) and tested for small molecule 
activation (Scheme 1.10). Only the Cp* variant with PCy3 and PEt3 reacted with D2 which 
is thought to be due to the necessity of an electron rich ligand to help facilitate the initial 
binding of D2. Both 1.32a and 1.32b in combination with selected phosphines activated 
CO2 and THF in a typical FLP fashion. Upon reaction with phenylacetylene, depending 
on the combination of cyclopentadienyl ring and phosphine, either deprotonation or  
1,2-addition of the alkyne was observed.  
Following on from this, the synthesis of related zirconocene Lewis acidic fragments and 
their application in imine hydrogenation was reported by the Wass group.86 They 
proposed the mechanism to go via FLP-type cleavage of H2 between the zirconium centre 
and the substrate imine nitrogen followed by subsequent imine reduction in the same 
manner as B(C6F5)3 (Scheme 1.7, Section 1.3.1). The only caveat of the studies was that 
a bulky group (tBu) on the imine nitrogen was required for hydrogenation activity.    
Erker et al. have also researched a variety of intramolecular zirconocene FLP systems 
with a variety of backbone linkers. These include both unsaturated and saturated 
backbones with either phosphine or amine Lewis bases (Figure 1.6).87–94 These systems 
showed a range of stoichiometric reactivity with a diverse library of small molecules 
typically used in FLP chemistry, for example, CO2, isocyanates, benzaldehyde and 
Figure 1.6: Intramolecular zirconocene based FLPs developed by Erker et al. [B(C6F5)4]- counterion 
omitted for clarity. 




alkenes. Zr+/N FLP 1.42 also displayed catalytic activity for the hydrogenation of a 
variety of alkenes and alkynes.90 
In 2017, Erker et al. showed the ability of zirconocene hydride [Zr(H)(Cp*)2(OMes)] 
with Pier’s borane ([HB(C6F5)2]) to reduce CO to form formylhydridoborate complex 
1.43 (Scheme 1.11).95,96 This complex was then found to react as an oxygen/boron 
frustrated Lewis pair where the zirconium is a spectator to small molecule activation. 
1.43 reacted with H2 to form 1.45 with the release of methane. The initial step is thought 
to follow traditional FLP chemistry and heterolytically cleave H2. which was followed 
by carbon-oxygen bond cleavage in an SNi process to yield [Zr(Cp*)2(OMes)(OH)] and 
[H3C-B(C6F5)2]. Similar subsequent steps are presumed to follow to form the final 
product 1.45. The O/B FLP 1.43 was also shown to react with CO, CO2 and PhNSO by 
traditional FLP mechanisms but then further reactivity of these intermediates led to the 
final products 1.44, 1.46 and 1.47 respectively.95  
Group 3 systems displaying FLP-type behaviour have been reported by the groups of 
Piers97,9 and Xu.99,100 In 2012, Piers et al. recorded the use of a dimethylscandocinium 
complex-hydridoborate ion pair 1.48 to activate CO (Scheme 1.12A).97 It was also shown 
Scheme 1.11: Reactivity of O/B FLP 1.43. 




to activate CO2 forming an ion pair 1.49 and, when in the presence of B(C6F5)3 as a co-
catalyst and triethylsilane, is able to induce deoxygenative hydrosilation of CO2 to CH4.
98 
Unfortunately, this system did not show any reactivity towards D2 or propene. 
More recently, Xu et al. have reported the synthesis of scandium complexes 1.50 and 
1.51 which both act as intramolecular FLPs with their respective tethered phosphine 
moiety. Despite the persistent Sc-P interaction, 1.50 displayed stoichiometric  
1,4-addition to conjugated carbonyl substrates such as enones, ynones and acrylic 
substrates and were also shown to be active catalysts for polymerisation of polar 
conjugated alkenes99. Xu et al. also reported the neutral scandium complex 1.51 which 
displays no Sc-P interaction due to the Sc centre being stabilised by coordination of a 
molecule of THF.100 This system was shown to react stoichiometrically with 
benzaldehyde, benzylideneacetophenone and methyl diazophenylacetate to form FLP 
activation products. The yttrium and lutetium analogues were also synthesised, but the 
only reactivity observed was with 1,3-di-phenyl-2-propyn-1-one for the lutetium 
analogue, with no reactivity observed for the yttrium complex. 
Scheme 1.12: Scandium FLPs and some examples of their reactivity. 




In 2013, Stephan et al. reported activation of CO2 by a Hf complex 1.52 containing 
sulfur-phosphidoamine ligands (Scheme 1.13).101 With phenyl substituents on the 
phosphorus, multiple products were observed upon reaction with CO2. Initially the 
formation of twofold symmetric bimetallic 1.53 was observed in the solid state. Upon 
dissolution in THF, monomer 1.54 was formed and further reaction with CO2 yielded 
double CO2 activated product 1.55. Starting with 
iPr on the phosphorus atom only the 
double CO2 product 1.55 was observed. This product was stable in the absence of CO2 
and was isolated in a 77% yield. This is thought to be due to the greater basicity of the 
phosphorus centre.    
In recent years, more variety of mid to late transition metals have been reported as active 
FLP components. It is worth noting here the developments by DuBois and Bullock 
concerning Fe, Ni, and Mn complexes capable of heterolytic cleavage of H2.
102–107 These 
complexes utilise ligands containing pendant amines as an internal base cooperatively 
activate H2.  Details of this are discussed in Chapter 4.  
Berke et al. exemplified the use of metal hydrides as the Lewis basic component of FLPs 
in 2013,108 and since then the reactivity of metal hydrides with Lewis acids has been 
reviewed.109 The rhenium-hydride complexes 1.56 were exposed to CO2 in the presence 
Scheme 1.13: Hafnium FLP 1.52 and its interaction with CO2. [B(C6F5)4]- Counterions omitted for 
clarity. 




of the Lewis acid B(C6F5)3 to yield CO2 activated complex 1.57 (Scheme 1.14). This 
complex was unstable when in the absence of a CO2 atmosphere, and reverted back to 
starting materials. However, when stored under a CO2 atmosphere for 4 h at 23 °C, 
crystals of CO2-activated complex 1.58 were isolated and characterised.     
Stephan et al. developed a ruthenium complex 1.59, bearing a tripodal ligand, which 
underwent halide and subsequent proton abstraction to form FLP-like species 1.60 
(Scheme 1.15).110 Here, the ruthenium centre acted as a Lewis acid with the phosphine 
ligand as the Lewis base. This complex was shown to undergo ligand rearrangement upon 
reaction with CO2 to form activation species 1.60. Although this species was shown to 
be thermally robust up to 80 °C for over 1 week, species 1.61 reacted with HBpin (HBPin 
= 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane) to reduce CO2 to MeOBpin and O(Bpin)2. 
This system was shown to be successful under catalytic conditions for CO2 reduction. 
Ru/P FLP was also shown to activate benzaldehyde in a typical FLP manner.    
Peters et al. developed iron, cobalt and nickel complexes which all contain metal-borane 
bonds (Figure 1.7).111–113 All of these complexes have demonstrated facile, reversible 
heterolytic cleavage of H2 to form species where dihydrogen has inserted into the metal-
boron bond. Iron and nickel complexes 1.62 and 1.64 respectively were successful in the 
Scheme 1.14: Re-H/B FLP and its interaction with CO2. 
Scheme 1.15: Formation of Ru/P FLP 1.60 and its reaction with CO2. 




hydrogenation catalysis of alkenes. Cobalt species 1.63 displayed catalytic activity for 
hydrogenation of terminal alkenes and dehydrogenation/transfer hydrogenation of 
amine-boranes. It was rationalised that the enhanced catalytic activity was related to the 
strong trans-influence from the boryl ligand.114 
In 2017, Simonneau et al. described the use of zero-valent group 6 complexes for the 
activation of dinitrogen in combination with B(C6F5)3.
115 The reaction of trans-
[M(N2)2(dppe)2] (M = Mo or W, dppe = 1,2-bis(diphenylphosphino)ethane) with 
B(C6F5)3 leads to the formation of N2 activation product [(dppe)2M=N=N-B(C6F5)3]. The 
newly formed B-N linkage displayed further FLP reactivity by activation of B-H and  
Si-H bonds which provided a stepping stone towards N2 functionalisation. Further work 
is being carried out to develop the system for catalytic N2 reduction.
116 
Perhaps the most versatile example of the use of late transition metals as the Lewis basic 
component of an FLP was the development of a Pt/B Lewis pair by the Wass and Pringle 
groups, which is pertinent to this thesis (Scheme 1.16).117,118 Platinum complex 1.65 
bears a bulky diphosphine ligand and a weak interaction was observed with the Lewis 
acid B(C6F5)3. The Pt(0)/B(C6F5)3 system was shown to under facile heterolysis of 
dihydrogen to form ion pair 1.66 and was able to sequester CO2 to form 1.71.
117  
Preformation of monoethene complex 1.67 prior to addition of B(C6F5)3 led to linear 
activation of ethene to form 1.68, analogous to what was reported by Braunschweig et 
al. in 2013 whilst investigating the reactivity between related Pt(0) complex and 
fluoroboranes.119 Interestingly, direct reaction of 1.65 and B(C6F5)3 with ethene resulted 
in the formation of 1.69 where ethene has inserted into the Pt-CO bond and activation of 
the CO ligand is observed. This is an intriguing reaction to investigate as it opens the 
possibility of C-C bond forming reactions using FLPs. The platinum Lewis base 1.65 
also displays ambiphilic behaviour with the reversible coordination of CO to form 18e- 
Figure 1.7: Examples of complexes with metal-boron bonds which are capable of reversible H2 addition. 




saturated complex 1.70.118 The activation of small molecules by the Pt(0)/B(C6F5)3 
system have only been successful in stoichiometric reactions and have shown no signs 
of reversibility. Further work on the development of this system is the main focus of 
Chapter 2 and 3 of this thesis.   
Campos has recently reported the first example of a transition metal only FLP in which 
Au(I) and Pt(0) complexes acted as Lewis acidic and Lewis basic fragments respectively 
(Scheme 1.17).120 The FLP pair 1.72/1.73 was subjected to H2 and, after 5 min, complete 
consumption of 1.72 was observed. The species in the mixture were identified to be 
unreacted 1.73, a novel hydride bridging digold complex and the platinum hydride of 
1.73. This mixture slowly converted to complex 1.74 over 12 h at room temperature. 
When the FLP pair was exposed to acetylene an instant colour change was observed and 
the two isomeric products 1.75 and 1.76 were identified in solution in an approximate 
4:1 ratio. The composition of the reaction mixture did not change with time and upon 
heating at 90 °C, which indicated that the two species arise from competitive independent 
reaction pathways.    
Scheme 1.16: Small molecule activation by Pt/B FLP. 




1.5 Frustration vs. Cooperation 
The term ‘frustrated Lewis pair’ commonly is used to describe systems where the two 
Lewis components are prevented from forming a classical Lewis adduct and it is this 
‘unquenched’ reactivity which is exploited in small molecule activation. However, there 
have been many reports of both main group and transition metal systems which are 
described as ‘FLPs’ and successfully activate small molecules, but, exhibit an interaction 
between the Lewis acidic and Lewis basic components. Figure 1.8 shows select examples 
of FLP systems where an interaction between the Lewis centres has been identified.20,41,84  
Scheme 1.17: Transition metal only FLP 1.72/1.73 and its reactivity with H2 and acetylene. 
Figure 1.8: Selected examples of FLPs which shown an interaction between the Lewis centres. 




Whether or not a Lewis acid-base adduct is capable of FLP reactivity was proposed to be 
based on the equilibrium between the ‘open’ and ‘closed’ states of the system.12,13,121 
Despite the observation of an Lewis pair interaction in these systems, they do exhibit 
reactivity which follows the FLP paradigm. This calls into question the definition of a 
frustrated Lewis pair and a more fitting definition of these systems as ‘cooperative Lewis 
pairs’ was adopted. The cooperative action of the Lewis pair to activate small molecules 
was recognised because if either component was absent the reactivity of the system 
would either cease or the final activation products would differ.  
As the field of small molecule activation by Lewis pairs grew to involve transition metals 
it is important to draw comparisons of these systems to well-established transition metals 
which fall under the category of cooperative catalysis. These can include systems which 
contain hybrid ligands, hemilabile ligands and non-innocent ligands.122,123 It should also 
be noted that cooperativity in bond activation is prevalent in nature. Dihydrogen 
activation by [FeFe], [NiFe] and [Fe]-only hydrogenases is facilitated by the cooperation 
of a pendant thiol ligand with the metal centre to result in heterolytic cleavage of the  
H-H bond without an overall change in the oxidation state of the metal.124–126  
One of the seminal examples of metal-ligand cooperation in hydrogenation catalysis 
comes from the group of Noyori.127–130 Ketone hydrogenation by 1.77 was shown to 
proceed via a six-member pericycle transition state where the amine proton and the 
ruthenium-hydride add across a C=O bond in a concerted manner to form an amido 
complex 1.78 (Figure 1.9). This can then add H2 to reform the active catalyst. The 
important feature of the ligand is the presence of either a primary or secondary amine 
group in the 1st coordination sphere known as the N-H effect.127,131,132  
 
 
Figure 1.9: Example of a bifunctional catalyst developed by Noyori for hydrogenation (1.77) and the 
proposed transition state for the hydrogenation of ketones. 




Several related ruthenium complexes have been reported which follow this paradigm of 
metal-ligand cooperation between metal-amine/amido ligands (Figure 1.10).133–137 These 
follow the mechanism of addition of H2 across the M-N amido-bond which then transfers 
to the substrate or vice versa depending on whether the catalyst is being used for 
hydrogenation or dehydrogenation. Complex 1.81 and 1.82 have also been shown to be 
active for the coupling of alcohols to higher alcohols which goes via a Guerbet 
mechanism which involves both a dehydrogenation and a hydrogenation of substrates by 
the same catalyst (known as borrowed hydrogen chemistry).138  
 
As well as dihydrogen, metal-ligand cooperation has been shown to be successful in other 
small molecule activations. Ruthenium complex 1.83, which bears a β-diketiminate 
ligand, displays H2, ethene and acetylene activation across the Ru centre and the central 
carbon atom on the ligand.139 A related aluminium β-diketiminate complex displayed 
similar reactivity towards ethene.140 
 
Figure 1.10: Selected pre-catalysts which have been shown to undergo hydrogenation/dehydrogenation 
pathways by metal-ligand cooperation across the metal amine/amido bond. 





One of the research focuses of the Milstein group centres around the use of tridentate 
pincer ligand complexes with general structure 1.85 (Scheme 1.19A).123 The metal-
ligand cooperation occurs through dearomatisation of the ligand during the bond 




143,144 alcohols,145 ketones,146 aldehydes146 and amines.147 Many of these Fe, 
Mn and Ru based catalysts have also been shown to be successful hydrogenation catalysts 
for a variety of substrates.148–152   
The above examples can be likened to the FLP analogy, mainly where the metal centre 
acts as a Lewis acid in cooperation with an N or C Lewis basic centre on the ligand. It is 
Scheme 1.18: Example of a β-diketiminate complex capable of activation ethene. [OTf]- counterion 
omitted for clarity. 
Scheme 1.19: A) General scheme for bond activation by complexes with lutidine-based pincer ligands. 
B) Activation of CO2 by Re complex 1.88. 




important to recognise these complexes undergo cooperative activation of small 
molecules, although many examples are limited to simple H-X bonds (where X = H, N, 
O).  
As more examples of transition metal FLPs emerge, it should be kept in mind that it may 
not fit the description of a ‘true’ FLP. It is more likely that the reaction pathways will 
involve both ‘FLP’ reactivity as well as traditional transition metal reactivity. The most 
significant aspect of these systems is the cooperative action between the Lewis acid and 
Lewis basic centre, whether that be part of an inter- or intramolecular system, which 
would not occur if one of the components were absent.  
1.6 Thesis Scope 
The use of transition metals as part of Lewis pairs which are capable of small molecule 
activation is a growing field with an increasing number of examples emerging. 
Unfortunately, many of the main group FLPs and the transition metal FLPs only activate 
small molecules stoichiometrically and have not been able to be used for catalysis (with 
the exception of hydrogenation catalysis). There remains scope to expand the substrate 
library which undergoes small molecule activation with these systems, and to also modify 
the systems for use in catalysis. The aim of the work presented in this thesis is to expand 
the understanding of currently known transition metal FLP systems. This will focus on 
modification of known systems and exploration of new small molecular activation 
pathways which take into account both traditional transition metal and cooperative 
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Chapter 2  
Small Molecule Activation by 
Intermolecular Pt(0)/B Lewis Pairs 
2.1 Introduction 
Many transition metal complexes can be described as Lewis acids that are coordinated 
by L-type ligands (neutral ligands which donate two electrons to the metal centre). This 
concept has driven the use of high valent cationic complexes in frustrated Lewis pair 
(FLP) chemistry. As described in Chapter 1, the field of FLP chemistry has evolved from 
main group systems to early transition metal complexes utilised as the Lewis acidic 
component in both inter- and intramolecular systems. In addition, transition metal 
complexes have been shown to display Lewis basic behaviour when coordinating to  
Z-type ligands (ligands which are accept two electrons from the metal centre).1–3 Some 
of these Lewis basic complexes have been shown to activate small molecules in an 
intramolecular FLP-type manner.4,5  
After the success of using Zr(IV) complexes as  Lewis acids, the question arose as to 
whether a low valent late transition metal complex would be suitable as a Lewis base. 
Work in the Pringle and Wass groups began by developing a Pt(0) complex for use in an 
intermolecular FLP.6–8 The ligand of choice was the electron rich, bulky diphosphine 
ligand 1,2-bis(di-tert-butylphosphino)xylene (dtbpx, L1) which has been widely used in 
platinum chemistry. For example, in 1976, Shaw et al. reported the first example of a cis-
dihydrido Pt(II)-complex of L1.9 Spencer et al. utilised L1 demonstrating that platinum-
alkene complexes can react with a Brønsted acid to form some of the first examples of 
β-agostic C-H-Pt complexes (Figure 2.1).10,11 L1 is also used commercially by Lucite in 
Figure 2.1: Examples of the use of dtbpx in small molecule activation by Pt complexes. 




the Pd-catalysed ethene hydromethoxycarbonylation, for the production of methyl 
propionate as a precursor to methyl methacrylate.12,13  
Previous work in the Pringle and Wass groups has employed L1 in the synthesis of a 
Pt(0) diphosphine monocarbonyl complex which, in combination with B(C6F5)3, has 
displayed cooperative small molecule activation of dihydrogen, ethene and carbon 
dioxide (see Section 1.4).6–8 
During the development of this Pt(0) system, Braunschweig et al. were investigating the 
reactivity of Lewis basic Pt(0) complexes with fluoroboranes.14 [Pt(dcpp)(C2H4)] (2.1, 
dcpp = 1,3-bis(dicyclohexylphosphino)propane) was used as a Lewis base for small 
molecule activation (Scheme 2.1). Addition of B(C6F5)3 to 2.1 led to the formation of  
β-agostic complex, 2.2, which resembles products from alkene activation by main group 
FLPs.15 
2.1.1 Aims and Objectives 
The initial work on the Pt(0)/B(C6F5)3 cooperative Lewis pair system by the groups of 
Wass and Pringle confirmed FLP-like behaviour was displayed by the system, although 
little was known about the reaction pathway to the activation products. It is of interest to 
gain insight into how the mixed transition metal/metalloid system activates small 
molecules and if indeed they proceed by a cooperative Lewis pair mechanism or if more 
traditional transition metal small molecule activation is at play. The Pt(0)/B(C6F5)3 
system stoichiometrically activates some small molecules, but the scope of activation 
chemistry had not been extensively explored. Thus, the aims of this part of the project 
were as follows: 
• To investigate the effect of changing the ligand electronics to the Pt(0) component 
• To explore potential pathways to small molecule activation for the Pt(0)/B(C6F5)3 
Lewis pair 
• To expand the scope of molecules which could be activated by the Pt(0)/B(C6F5)3 
Lewis pair 
Scheme 2.1: Reaction of 2.1 with B(C6F5)3 to form β-agostic complex 2.2. 
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2.2 Synthesis of   
1,2-bis(di-tert-butylphosphinooxy)benzene, L2 
Changing the ligands in transition metal systems is often a synthetically simple method 
of changing the stereoelectronic properties of the metal centre. In order to change the 
electronics of the Pt(0) Lewis base in the cooperative Lewis pair system, the diphosphine 
backbone was modified by forming the phosphinite analogue of L1, 1,2-bis(di-tert-
butylphosphinooxy)benzene (dtbpob, L2). Phosphinites have the general formula 
P(OR)R2. The π-accepting properties of these ligands are enhanced in comparison to 
tertiary phosphines due to the electron-withdrawing -OR groups lowering the energy of 
the π-acceptor orbitals on the phosphorus centre.16 It was predicted that use of a 
diphosphinite ligand in place of a diphosphine would reduce the electron density at the 
metal centre through greater π-back donation to the ligand, therefore creating a less Lewis 
basic Pt(0) centre. 
L2, was synthesised from the reaction of catechol and di-tert-butylchlorophosphine 
(Scheme 2.2). Although there were no literature experimental procedures for this specific 
phosphinite, the synthesis of the phenyl analogue of L2 had been reported and requires 
the addition of triethylamine (as a base) to a mixture of catechol and 
diphenylchlorophosphine, both on and off-metal.12,17,18 The synthesis of L2 was first 
attempted by employing triethylamine as a base but even upon prolonged heating of the 
mixture no reaction of the starting chlorophosphine was observed. Deprotonation of the 
catechol, by sodium hydride, was required before the addition of the chlorophosphine to 
afford the desired phosphinite ligand L2 (56% yield). Though the reaction proceeded 
cleanly, upon workup, minor amounts (< 10%) of hydrolysis product 2.3 from the 
cleavage of the P-O bond were observed by 31P{1H} NMR spectroscopy (Scheme 2.2). 
Purification attempts removed majority of the hydrolysis product, but it could never be 
Scheme 2.2: Synthesis of L2 and the P(V) hydrolysis product 2.3. 




separated completely without a large reduction in product yield. It was possible to carry 
the mixture of L2 and 2.3 forward as any further coordination chemistry was not affected 
by the P(V) species 2.3 and could be removed much more easily away from the metal 
complex. Crystals of L2 were grown by slow evaporation of a saturated pentane solution 
at −40 °C and the molecular structure is shown in Figure 2.2. In the crystal structure of 
L1 the phosphines are orientated away from each other to minimise repulsion between 
the bulky tert-butyl groups. For L2 the P donors are not orientated in the same way as 
L1 which is presumably due to the oxygen lone pairs and the structure minimising this 
repulsion as well as the steric repulsion between the tert-butyl groups. 
2.2.1 Synthesis of [PtCl2(L2)] 
Addition of L2 to [PtCl2(COD)] (COD = 1,5-cyclooctadiene) yielded the corresponding 
dichloroplatinum(II) complex [PtCl2(L2)] (Scheme 2.3). Slow diffusion of hexane into a 
saturated solution of complex [PtCl2(L2)] in DCM produced crystals suitable for X-ray 
crystallography (Figure 2.3). The unusual conformation of the 7-membered chelate in 
[PtCl2(L2)] was not expected. The analogous complex [PtCl2(L1)] has the conformation 
that was anticipated for the diphosphinoxylene complexes, where the PtP2 plane is almost 
orthogonal to the phenyl ring.19 Though the xylenyl -CH2 group has been substituted for 
Figure 2.2: Crystal structure of L2. Thermal ellipsoids at 50%. Hydrogen atoms omitted for clarity. 
Selected bond lengths (Å) and angles (°): P1-O1 1.6726(12); O1-C9 1.3824(18); P2-O2 1.6719(12); O2-
C10 1.3819(18); P1-O1-C9 120.99(11); P2-O2-C10 121.00(10). 
Scheme 2.3: Formation of dichloroplatinum(II) complex [PtCl2(L2)]. 
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oxygen in [PtCl2(L2)], it was expected to have a similar structure to [PtCl2(L1)] due to 
the R-X-P bend being similar between X = O or CH2. If the structure observed by X-ray 
crystallography for [PtCl2(L2)] prevailed in solution, the two phosphorus atoms would 
be magnetically inequivalent and two signals in the 31P{1H} NMR spectrum would be 
seen. Variable temperature NMR spectroscopy studies showed no broadening of the 
single phosphorus signal observed for this complex leading to the conclusion that the  
7-membered chelate ring distortion is a consequence of crystal packing or that it persists 
in solution but is rapidly fluxional on the NMR timescale even at −85 °C.  
2.3 Synthesis of [Pt(CO)(L2)] 
The desired monocarbonyl complex [Pt(CO)(L2)] was synthesised by reaction of L2 
with [Pt(nbe)3] (nbe = norbornene) to give [Pt(nbe)(L2)] followed by treatment of this 
intermediate with CO (Scheme 2.4). The displacement of nbe by CO was carried out in 
an analogous manner to the synthesis for [Pt(CO)(L1)].6 The coordinated nbe was 
displaced by bubbling CO through a toluene solution of the [Pt(diphosphine)(nbe)], and 
removal of the solvent ensured that the displaced volatile nbe was removed from the 
Figure 2.3: Crystal structure of [PtCl2(L2)]. Thermal ellipsoids at 50%. Hydrogen atoms omitted for 
clarity. Selected bond lengths (Å) and angles (°): Pt1-P1 2.2381(10); Pt1-P2 2.2448(11); Pt1-Cl1 
2.3531(11); Pt1-Cl2 2.3579(10); P1-O1 1.627(3); P1-C1 1.897(4); P1-C5 1.865(4); P2-O2 1.624(3); P2-
C15 1.888(4); P2-C19 1.862(4); P1-Pt1-P2 96.34(4); P1-Pt1-Cl1 89.52(4); P2-Pt1-Cl2 89.93(4);  
Cl1-Pt1-Cl2 84.54(4). 
Scheme 2.4: Synthesis of [Pt(CO)(L2)] via intermediate [Pt(nbe)(L2)]. 




system. This CO/vacuum cycle for [Pt(CO)(L1)] needed repeating three times in order 
to obtain complete displacement of the norbornene ligand. During the synthesis of 
[Pt(CO)(L2)], the effect of changing the electronics of the diphosphine backbone was 
already apparent, with this complex requiring at least seven CO/vacuum cycles necessary 
to obtain complete conversion to the desired monocarbonyl complex, indicative of a 
strongly bound CO ligand.  
Crystals suitable for X-ray crystallography of [Pt(CO)(L1)] and [Pt(CO)(L2)] were 
grown from saturated solutions in pentane at −40 °C and the molecular structures are 
shown in Figure 2.4. The two structures are similar and show the expected conformation 
of the seven membered chelate in contrast to the previous solid state structure of 
[PtCl2(L2)] (see Section 2.2.1). The only significant difference is the more pronounced 
bend in the seven membered chelate in [Pt(CO)(L1)] than in [Pt(CO)(L2)] (119.9° vs 
130.6°). There was no significant difference in the carbonyl bond length in the solid state 
but the electronic effect of the ligand backbone can be seen when comparing infra-red 
(IR) data. The IR stretching frequency for the carbonyl ligand in [Pt(CO)(L2)] (ν(CO) = 
1933 cm-1) is significantly higher than for [Pt(CO)(L1)] (ν(CO) = 1907 cm-1). This is 
consistent with L2 reducing the electron density at the metal centre available for back 
donation to the carbonyl ligand in [Pt(CO)(L2)] to a greater extent than L1 withdraws 
electron density in [Pt(CO)(L1)]. 
Figure 2.4: Crystal structures of [Pt(CO)(L1)] (left) and [Pt(CO)(L2)] (right). Thermal ellipsoids at 
50%. Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°) for [Pt(CO)(L1)]: 
Pt1-C1 1.853(12); C1-O1 1.130(14); Pt1-P1 2.312(3); Pt1-P2 2.305(3); Pt1-C1-O1 175.9(10); P1-C9-
C10 120.4(7); P2-C16-C15 119.9(7). Selected bond lengths (Å) and angles (°) for [Pt(CO)(L2)]: Pt1-C1 
1.8773(16); C1-O8 1.148(2); Pt1-P1 2.2745(4); Pt1-P2 2.2796(4); Pt1-C1-O8 176.10(15); P1-O6-C2 
130.41(9); P2-O2-C7 130.63(9). 
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2.3.1 Synthesis of [Pt(13CO)(L2)] 
To allow for further studies into the small molecule activation pathways by [Pt(CO)(L2)], 
it was advantageous to synthesise the isotopically labelled complex [Pt(13CO)(L2)]. The 
synthesis of [Pt(13CO)(L2)] was achieved by simply subjecting [Pt(CO)(L2)] to three 
13CO/vacuum cycles, ensuring the majority of the 12CO was displaced by 13CO (Scheme 
2.5). The complex [Pt(CO)(L2)] displayed analogous amphoteric behaviour to 
[Pt(CO)(L1)] and under an atmosphere of CO formed a tetrahedral Pt(0) dicarbonyl 
complex. When using 13CO, the formation of the dicarbonyl species was confirmed by 
low temperature NMR studies (Figure 2.5). In the 13C{1H} NMR spectrum of 
[Pt(13CO)2(L2)], a broad signal at δC = 185.1 ppm resolved to a triplet (
2JCP = 15.8 Hz), 
due to coupling to two identical phosphorus atoms. In the 31P{1H} NMR spectrum, the 
Scheme 2.5: Formation of [Pt(13CO)(L2)] and [Pt (13CO)2(L2)]. 
Figure 2.5: In situ low temperature 13C{1H} NMR (left) and 31P{1H} (right) NMR spectra of 
[Pt(13CO)2(L2)]. * = free 13CO. 
* 




broad signal at δP = 176.4 ppm also resolved into a triplet confirming the presence of two 
equivalent dicarbonyl ligands in a tetrahedral arrangement around the Pt(0).  
2.4 Formation of the Cooperative Lewis Pair 
[Pt(CO)(L2)]/B(C6F5)3  
To enable a comparison of FLP character/activation with [Pt(CO)(L1)], the Lewis acid 
tris(pentaflurorophenyl)borane (B(C6F5)3), was used for small molecule activation. 
B(C6F5)3 was initially chosen due to its known Lewis acidity in organocatalysis as well 
as its extensive use in FLP chemistry.15,20–23  
Upon combination of [Pt(CO)(L2)] with B(C6F5)3 in chlorobenzene, there was no 
significant change in chemical shifts in either the 11B{1H} NMR or the 31P{1H} NMR 
spectra but line broadening was apparent for the 31P{1H} NMR signal (w1/2 = 45 Hz). 
The mixture did not change colour at room temperature but did exhibit thermochromic 
properties. Upon freezing the solution in liquid nitrogen, the colour of the solution 
changed from bright orange to a very dark purple. These observations mimic what is seen 
when [Pt(CO)(L1)] and B(C6F5)3 are combined in chlorobenzene (line broadening in the 
31P{1H} NMR spectrum and a dark green colour in frozen solution).7,8 It is thought that 
there is some interaction between the borane and the Pt(0) complex but the exact nature 
of this is unknown. Previously in the Pringle group, the interaction of [Pt(CO)(L1)] and 
B(C6F5)3 was studied by DFT calculations. It was calculated that an adduct is formed by 
coordination of B(C6F5)3 to the oxygen of CO, or alternatively, an adduct formed by 
B(C6F5)3 interacting directly with the Pt centre is possible.
8 Low temperature NMR 
studies showed sharpening of the 31P{1H} NMR signal but no significant change in 
chemical shift or coupling constant to Pt (JPPt).  
Although there appears to be some interaction between the Lewis acid and the Lewis 
base, the evidence suggests that this interaction is weak, with the complex being dynamic 
in solution. Since similar interactions in the [Pt(CO)(L1)]/B(C6F5)3 system did not inhibit 
small molecule activation, further studies on the reactivity of [Pt(CO)(L2)] were carried 
out. 
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2.5 Reaction of Dihydrogen with [Pt(CO)(L2)]/B(C6F5)3  
All of the dihydrogen activation experiments described in this section were carried out 
with one equivalent of platinum complex and one equivalent of B(C6F5)3 in 
chlorobenzene at room temperature. This mixture was subjected to 1 bar of H2 in a 
Youngs NMR tube. Full experimental details are given in Chapter 5.  
The reaction of [Pt(CO)(L2)]/B(C6F5)3 with dihydrogen resulted in a colour change of 
the mixture from orange to bright pink in 15 min. The results discussed below will be in 
reference to when the reaction was repeated with [Pt(13CO)(L2)] which unsurprisingly 
showed no difference in reactivity to the unlabelled complex [Pt(CO)(L2)].  
The reaction mixture was analysed by in situ 1H, 11B{1H}, 13C{1H}, 19F and 31P{1H} 
NMR spectroscopy. After 15 min, the 13C{1H} NMR spectrum showed the presence of 
three 13C-enriched products (Figure 2.6A). The signal at δC = 249.2 ppm appeared to be 
a broad 1:1:1:1 quartet with a coupling constant 1JCB = 49.3 Hz, indicating it was directly 
bonded to boron. This was confirmed in the 11B{1H} NMR spectrum (Figure 2.6B) which 
showed a doublet at δB = −16.7 ppm (
1JBC = 49 Hz). When using [Pt(
13CO)(L2)], a proton 
signal at δH = 10.80 ppm in the 
1H NMR spectrum (Figure 2.6C) then exhibited a 1J 
coupling to 13C (1JHC = 151 Hz). This product was assigned to formyl borate anion 2.7 
(Scheme 2.6). This species has been previously reported by Stephan et al. whilst 
investigating the reaction of syngas (50:50 CO/H2) with the main group FLP 
PtBu3/B(C6F5)3.
24  
The signal at δC = 178.4 ppm in the 
13C{1H} NMR spectrum corresponds to the CO ligand 
in the mononuclear cation 2.4. The associated signals in the 31P{1H} NMR spectrum 
occur at δP = 174.5 and 163.0 ppm (Figure 2.6D) and the hydride signal in the 
1H NMR 
spectrum at δH = −4.15 ppm (Figure 2.6C).  When the ligand was L1, the analogous 
cationic species was found to be the product of dihydrogen activation along with the 
counterion 2.8 (Scheme 2.6) which is seen in the 11B{1H} NMR spectrum (Figure 2.6B).  
The final signal in the 13C{1H} NMR spectrum occurs at δC = 231.6 ppm and exhibits a 
1:8:18:8:1 quintet of binomial quintets and corresponds to species 2.5 (Scheme 2.6). This 
splitting pattern is indicative of a bridging CO ligand in a binuclear platinum species with 
two equivalent 195Pt atoms and four equivalent 31P atoms. The signal is a composite of 
three subspectra occurring from the different isotopic combinations of the platinum 




nuclei. The only isotope of Pt that is NMR active is 195Pt (I = ½) and is 33.8% abundant, 
therefore there are three possible combinations of two Pt atoms in a binuclear species: 
195Pt-195Pt, 195Pt-Pt and Pt-Pt (ca. 1:4:4 ratio).25 The corresponding hydride signal in the 
















Figure 2.6: In situ 13C{1H} (A), 11B{1H} (B), 1H (C) and 31P{1H} (D)§ NMR spectra of the reaction 
between [Pt(13CO)(L2)]/B(C6F5)3 and H2 after 15 min. Expansions in C show the 1H-13C splitting.  § D 
shows 31P{1H} NMR spectrum of reaction using [Pt(CO)(L2)] for clarity. 
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1H NMR spectrum is at δH  = −1.92 ppm with the same multiplicity indicating the hydride 
is also bridging. The 31P{1H} NMR spectrum also has the distinctive multiplicities 
expected for a binuclear Pt species which has been described by Otsuka in detail for 
similar binuclear trihydrido species26 and is also observed for analogues of 2.5.27–29        
The final signal in the 1H NMR spectrum at δH = −5.72 ppm (Figure 2.6C) corresponds 
to a signal at δP = 185.6 ppm in the 
31P{1H} NMR spectrum (Figure 2.6D) and is 
attributed to the trihydrido binuclear platinum species 2.6; this was also confirmed by 
mass spectrometry. An explanation of the formation of this species is given in Section 
2.5.1. 
Over time, the composition of this reaction mixture did not change except for the gradual 
degradation of formyl borate species 2.7 over 4-5 days. None of the degradation products 
could be identified but it is possible that the fluorophenyl rings undergo intramolecular 
migration under a dihydrogen atmosphere, analogous to that reported previously by 
Stephan et al. for this species, albeit under different reaction conditions (Figure 2.7).24  
The concentration of the species in the reaction mixture affected the ratio of products 
seen as expected: the more concentrated the mixture, the more binuclear species were 
formed, and the more dilute the mixture, the more mononuclear species were formed.  
The activation of dihydrogen was repeated with [Pt(13CO)(L1)]/B(C6F5)3 to examine if 
the analogous species from [Pt(13CO)(L2)]/B(C6F5)3 were formed. The reaction was 
monitored by NMR spectroscopy and after 15 min, the presence of 2.7, and analogous 
species 2.9 and 2.10, were detected (Scheme 2.7, Figure 2.8A). After 16 h, the NMR 
spectra revealed that the reaction mixture changed with 2.7 and 2.10 seemingly 
converting to the two products, 2.8 and 2.9, which were the originally reported products 
Figure 2.7: Anionic fragments resulting from the migration of pentafluorophenyl groups from anion 
2.10 reported by Stephan et al. 




for dihydrogen activation by [Pt(CO)(L1)]/B(C6F5)3.
7,8 There was also a minor amount 
(< 5%) of 2.11 detected in the 1H NMR spectrum and this did not change in quantity over 
time. 
Modifying the ligand from a phosphine to a phosphinite donor appears to have had a 
significant impact on dihydrogen activation. Although the species observed in solution 
are analogues, the stability of the platinum species are quite different. Cationic species  
[Pt2(μ-H)(μ-CO)(L)2]
+ is more stable when L = L2 than when L = L1. This could be 
explained by the stronger π-accepting properties of L2 in comparison to L1 enabling the 
stabilisation of the lower valent PtI centres in [Pt2(μ-H)(μ-CO)(L)2]
+. Studies of the 
formation of similar complexes suggest that the bridging species could be dynamically 
switching between states where the ligands are bridging or terminal.28 For the reactivity 
of this species, it may be important that the bridging ligands can switch to terminal 







Figure 2.8: In situ 13C{1H} NMR spectrum of the reaction of [Pt(13CO)(L1)]/B(C6F5)3 after 15 min (A) 
and 16 h (B). 
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positions on the platinum but the phosphinite ligand L2 appears to stabilise the bridged 
form of [Pt2(H)(CO)(L)2]
+.  
2.5.1 Proposed Pathway for Dihydrogen Activation by 
Pt(0)/B(C6F5)3  
Previously, two possible reaction pathways were proposed for dihydrogen activation by 
the Pt(0)/B(C6F5)3 Lewis pair (Scheme 2.8). In pathway (a), classic organometallic 
oxidative addition of H2 to the cis-dihydride takes place, with loss of CO, which is then 
followed by hydride abstraction by B(C6F5)3 and reassociation of CO. In pathway (b), 
the H2 molecule is bound between the platinum and boron centres in an encounter 
complex and is then heterolytically cleaved in a concerted process to form the final 
dihydrogen activation products.7  
Though both of these pathways are possible there is little experimental evidence to 
support them. The starting complex [Pt(CO)(L)] (L = L1 or L2) does react with 
dihydrogen to form cis-dihydride [Pt(H)2(L)], but this is very slow (maximum 40% 
conversion over 1 week) and the species reverts to the starting complex when the 
hydrogen atmosphere is removed (Figure 2.9). There is no NMR spectroscopic evidence 
of the cis-dihydride being present in dihydrogen activation for either of the 
Pt(0)/B(C6F5)3 Lewis pair systems.  
From the observations described in Section 2.5, the following pathway is proposed for 
the activation of dihydrogen by the [Pt(CO)(L)]/B(C6F5)3 Lewis pair (Scheme 2.9). It is 
suggested that two platinum monocarbonyl complexes and two B(C6F5)3 molecules react 
Scheme 2.8: Previously proposed pathways for dihydrogen activation by the Pt(0)/B(C6F5)3 Lewis pair. 
 




with one molecule of dihydrogen to form cation [Pt2(μ-H)(μ-CO)(L)2]
+ and counterion 
2.7. These two components then react with a further molecule of dihydrogen to form the 
final product [Pt(CO)(H)(L)][H-B(C6F5)3]. When L = L1, the intermediates were 
observed within the first 15 min of the reaction, and these species slowly converted to 
the final products. When L = L2, full conversion to the final products was never 
observed. It is thought that the phosphinite ligand stabilises the cationic bridging species  
[Pt2(μ-H)(μ-CO)(L)2]
+
 making it unreactive towards the anionic fragment which 
undergoes independent degradation over time.  






Figure 2.9: 31P{1H} NMR spectrum of [Pt(CO)(L1)] under a dihydrogen atmosphere for 1 week (A) and 
after the atmosphere of dihydrogen was replaced for nitrogen (B). 
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It should be noted that the pathway in Scheme 2.9 does not take into account the presence 
of [Pt2(μ-H)3(L)2]
+. It is thought that this species is formed from [Pt2(μ-H)(μ-CO)(L)2]
+ 
or is an intermediate in the formation of [Pt2(μ-H)(μ-CO)(L)2]
+. Minghetti et al. have 
extensively studied the chemical transformation of [Pt2(μ-H)3(L)2]
+ to  
[Pt2(μ-H)(μ-CO)(L)2]
+ (L = dppe, 1,2-bis(diphenylphosphino)ethane) by the simple 
addition of CO to a solution of [Pt2(μ-H)3(L)2]
+.28 From studies into similar binuclear 
trihydrido species there is evidence of the structure being dynamic, with hydrido ligand 
exchange between bridging and terminal sites.26,27,30,31 Minghetti proposed that a 
tautomer of the trihydrido species could rearrange to a structure where two terminal 
hydrido ligands are bonded to one platinum (Scheme 2.10).28 Traditional organometallic 
chemistry suggests that it would then be possible for this Pt centre to lose dihydrogen 
and, in this case, bind to a CO ligand. This can then rearrange to the tautomer observed 
by NMR spectroscopy in the studies detailed above. Further investigations would need 
to be made into a possible equilibrium between the two species. If the reverse of the 
mechanism Minghetti has reported is possible (conversion from [Pt2(μ-H)(μ-CO)(L)2]
+  
to [Pt2(μ-H)3(L)2]
+ by addition of H2 and loss of CO), this could provide an explanation 
for the presence of the trihydrido species in the dihydrogen activation reaction mixture.   
2.6 Reaction of Ethene with Pt(0)/B(C6F5)3  
All of the ethene activation experiments described in this section were carried out with 
one equivalent of platinum complex and one equivalent of B(C6F5)3 in chlorobenzene at 
room temperature. This mixture was subjected to 1 bar of ethene in a Youngs NMR tube. 
Full experimental details are given in Chapter 5. 
Scheme 2.10: Possible pathway for exchange between [Pt2(μ-H)3(L)2]+ and [Pt2(μ-H)(μ-CO)(L)2]+. 
Ligands omitted from image for clarity. Adapted figure with permission from Minghetti et al., Inorg. 
Chem., 1983, 22, 2332-2338. Copyright 1983 American Chemical Society. 




The reaction of [Pt(CO)(L2)]/B(C6F5)3 with ethene in chlorobenzene resulted in a colour 
change from orange to pale pink over 1 h. The reaction mixture was monitored by NMR 
spectroscopy. Initially the 1H, 31P{1H}, and 11B{1H} NMR spectra recorded were broad 
and the species present were not identifiable. After 1 h, the spectra recorded had resolved; 
the 31P{1H} NMR spectrum displayed two doublets at δP = 173.4 ppm (
2JPP = 15 Hz, 
1JPPt 
= 2219 Hz) and δP = 137.5 ppm (
2JPP = 15 Hz, 
1JPPt = 4662 Hz).
† Analysis of the 11B{1H} 
NMR spectrum showed a single sharp peak at −22 ppm indicating a 4-coordinate boron 
species and the 1H NMR spectrum displayed two broad signals at δH = 2.87 and 1.90 
ppm. These proton signals occur in the alkyl region of the spectrum and together with 
the 11B{1H} and 31P{1H} signals, it was determined that the [Pt(CO)(L2)]/B(C6F5)3 
Lewis pair had successfully activated ethene. The exact identity of the activation species 
was unclear as the two candidate products 2.12 and 2.14 would have very similar NMR 
spectra (Figure 2.10); 2.12 would result from loss of the CO ligand and linear activation 
of ethene between the Pt(0) and B centres and 2.13 would result from the activation and 
coupling of ethene and CO, seen with [Pt(CO)(L1)]/B(C6F5)3.
7   
When the reaction was repeated with [Pt(13CO)(L2)] a broad quartet was observed in the 
13C{1H} NMR spectrum at δC = 278.7 ppm (
1JCB = 52 Hz). Attempts to crystallise the 
product were unsuccessful but the presence of the low field signal in the 13C{1H} NMR 
spectrum is strong evidence for the final activation product being 2.13.  
The [Pt(CO)(L2)]/B(C6F5)3 Lewis pair appears to have activated ethene in a similar 
manner to [Pt(CO)(L1)]/B(C6F5)3, except that the rate of reaction is faster, the former 
only taking 1 h to have resolvable product signals versus 16 h for the latter in the 31P{1H} 
NMR spectrum. The ethene/CO coupled product 2.13 was also stable when the solvent 
                                                 
† Minor amounts of [Pt(H)(CO)(L2)] were also seen in the 31P{1H} NMR spectrum. This is thought to 
originate from activation of an impurity in the batch of ethene used as this was not seen when a different 
batch was used. The impurity was not identified. 
Figure 2.10: Two possible products from the activation of ethene with [Pt(CO)(L2)]/B(C6F5)3. 
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and ethene atmosphere were removed and the solid product redissolved with only minor 
amounts of (< 3%) decomposition.  
Previous studies into the mechanism have led to the suggestion of initial activation of the 
ethene in a linear fashion to form a product related to the structure of 2.12 and then further 
reaction with the CO ligand in the system to form the final product.7,8 To investigate this 
the monoethene complex [Pt(C2H4)(L2)] was formed by subjecting [Pt(CO)(L2)] to at 
least two ethene/vacuum cycles. The formation of [Pt(C2H4)(L2)] seems favourable as 
after just one ethene cycle, over 95% of [Pt(CO)(L2)] had converted to [Pt(C2H4)(L2)]. 
B(C6F5)3 was added to a solution of [Pt(C2H4)(L2)] in chlorobenzene and the mixture 
instantly turned cloudy. Although it had seemed that the majority of the product had 
precipitated from solution it was sufficiently soluble to obtain NMR spectroscopic data. 
The 31P{1H} NMR spectrum was significantly broadened but there were two distinctive 
peaks at δP = 184.2 and 167.3 ppm and a sharp peak in the 
11B{1H} NMR spectrum at δB 
= −14.0 ppm indicating a 4-coordinate boron species. The product was tentatively 
assigned to be 2.12 (Scheme 2.11). Addition of CO to the reaction mixture resulted in a 
pale pink solution with almost quantitative conversion to the ethene/CO coupled product 
2.13. This is analogous to what was previously seen with [Pt(CO)(L1)]/B(C6F5)3.
8     
These observations led to the proposed pathway in which the ethene first displaces the 
CO to make the monoethene complex (Scheme 2.11). This is then activated by B(C6F5)3 
to form the linear activation product (2.12/2.14). Reassociation of the CO ligand to the 
platinum centre is then followed by migratory insertion/rearrangement to form the final 
product (2.13/1.68). Although during the initial period of the reaction all of the NMR 
Scheme 2.11: Proposed pathway for the activation of ethene by [Pt(CO)(L)]/B(C6F5)3 (L = L1 or L2). 




spectra recorded were broad, the presence of a broad resonance at δP = 198.0 ppm in the 
31P{1H} NMR spectrum was always seen for the reaction with [Pt(CO)(L2)]/B(C6F5)3 
which corresponds to the signal for [Pt(C2H4)(L2)]. Once the final product had been 
formed, only trace amounts of [Pt(C2H4)(L2)] could be seen in the 
31P{1H} NMR 
spectrum which might have resulted from a slight excess of [Pt(CO)(L2)] at the start of 
the reaction. This shows that the formation of the monoethene species is favourable and 
supports the proposed pathway detailed in Scheme 2.11 
Further reactivity of 1.68 and 2.13 products, with L = L1 and L2 respectively, was 
investigated. Repressurising with CO, H2 and syngas (CO/H2 1:1) did not have any effect 
on the system. Attempts to probe the reactivity to the formyl borate fragment were 
attempted by addition of MeOH and MeNH2. 2.13 was stable to nucleophilic attack and 
even after heating to 50 °C in the presence of MeOH and MeNH2 no change was seen in 
the 31P{1H} NMR spectrum. On the other hand, 1.68 slowly reacted in the presence of 
MeOH. Cation [Pt(CO)(H)(L1)]+ and [Pt(C2H4)(L1)] were identified by 
31P{1H} NMR 
spectroscopy. It remains unknown how the formation of [Pt(CO)(H)(L1)]+ occurs. The 
11B{1H} NMR spectrum became more complex after heating and two unidentified 4-
coordinate species at δB = −3.7 and 17.3 ppm were observed. Further investigations need 
to be carried out to identify these degradation products.  
2.7 Reaction of Phenylacetylene with Pt(0)/B(C6F5)3  
All of the phenylacetylene activation experiments described in this section were carried 
out with one equivalent of platinum complex and one equivalent of B(C6F5)3 in 
chlorobenzene at room temperature. An excess (ca. 30 μl) of phenylacetylene was added 
under argon in a Youngs NMR tube. Full experimental details are given in Chapter 5. 
Activation of terminal alkynes by FLPs is of interest due to the useful synthons it could 
provide for organic transformations. In general, there are two pathways that terminal 
alkynes have been found to react with FLPs (Scheme 2.12); the first is deprotonation by 
the Lewis base and the second is 1,2-addition across the triple bond to typically form an 
E-alkene.32–34 The selectivity has predominantly been found to depend on the basicity of 
the phosphine, although a balance of several parameters, such as sterics, is necessary to 
control the reactivity.  
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The Lewis pair [Pt(CO)(L1)]/B(C6F5)3 was treated with an excess of phenylacetylene 
and an instant colour change from bright orange to a dark red/brown was observed. After 
2 h, analysis of the 31P{1H} NMR spectrum showed full conversion of the starting 
material to the cationic fragment of 2.15 (Scheme 2.13). The anionic fragment has been 
previously reported in literature so assignment from the 11B{1H} NMR and 19F NMR 
spectra was unambiguous.35  
  
The reaction of [Pt(CO)(L2)]/B(C6F5)3 did not proceed as cleanly as with the L1 
analogue although the major product remains the result of deprotonation of 
phenylacetylene. Upon addition of phenylacetylene to [Pt(CO)(L2)]/B(C6F5)3 in 
chlorobenzene there was an immediate colour change from bright orange to dark red. 
Full conversion of the starting material was observed and ca. 90% of the product formed 
was 2.16 (Scheme 2.14). Analysis of the 31P{1H} and 1H NMR spectra revealed a second 
phosphorus containing species, the binuclear Pt(I) cation 2.5. There were also three 
Scheme 2.13: General scheme for the two pathways of reactivity of a Lewis acid and Lewis base with a 
terminal alkyne. 
Scheme 2.12: Reaction between [Pt(CO)(L1)]/B(C6F5)3 and phenylacetylene. 




relatively sharp unassigned signals in the 11B{1H} NMR spectrum at δB = −6.9, −10.5 
and −15.8 ppm indicating formation of 4-coordinate boron species.  
To investigate the mechanism of phenylacetylene activation for both systems, 
phenylacetylene was added to just the Lewis basic component (Scheme 2.15). When L = 
L1, a gradual colour change of the solution of [Pt(13CO)(L1)] and PhCCH over 16 h from 
orange to pale yellow was observed. Two doublets were seen in the 31P{1H} NMR 
spectrum (δP = 47.3 and 42.5 ppm, 
2JPP = 24 Hz) indicated the formation of a Pt species 
with inequivalent phosphorus environments (2.17, Scheme 2.15). The same was 
observed for L = L2 (δP = 190.5 and 184.9 ppm, 
2JPP = 15.9 Hz) although the formation 
of the species occurred much faster (2 h). 
It is proposed that the phenylacetylene binds to the Pt(0) centre displacing the carbonyl 
ligand. Low temperature NMR studies gave evidence to support this as there was no 
change in the 31P{1H} NMR spectrum and there was a signal for free 13CO in the 13C{1H} 
NMR spectrum which was not observed at room temperature. The displacement of 13CO 
from [Pt(13CO)(L1)] was also very slow. The low temperature NMR spectroscopic 
studies of this reaction mixture also showed signals corresponding to [Pt(13CO)(L1)] and 
[Pt(13CO)2(L1)] which presumably was formed by coordination of the free 
13CO 
(released in solution) to [Pt(13CO)(L1)]. 
Scheme 2.14: Reaction between [Pt(CO)(L2)]/B(C6F5)3 and phenylacetylene. 
Scheme 2.15: Reaction of [Pt(13CO)(L)] with PhCCH. 
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Addition of B(C6F5)3 to chlorobenzene solutions of 2.17 only showed ca. 60% conversion 
to the activation products 2.15 and 2.16 (for L1 and L2 respectively). Through analysis 
of the 31P{1H} NMR spectrum it was unclear as to what other species had formed in 
solution, although some of the 4-coordinate 11B species observed in the reaction between 
[Pt(CO)(L2)]/B(C6F5)3 and PhCCH were again detected. These observations do not 
support the pathway of alkyne activation by initial binding by the alkyne before 
activation by the Pt(0)/B(C6F5)3 Lewis pair which would be the analogous reaction seen 
with alkenes. 
Berke et al. showed that the reaction of PhCCH with B(C6F5)3 results in E/Z-isomers 
2.19 via vinylidene intermediate 2.18 (Scheme 2.16).36 In the presence of a Lewis base 
2.18 either undergoes an addition reaction or a deprotonation to form 2.20 and 2.21 
respectively. A similar deprotonation of the alkyne by [Pt(CO)(L)]/B(C6F5)3 is most 
likely occurring based on the experimental evidence collected.   
2.8 Exploring Other FLP Substrates with 
Pt(0)/B(C6F5)3  
The scope of reactivity for the Pt(0)/B(C6F5)3 Lewis pair investigated so far is relatively 
small. In this Section, an initial exploration into activation of other small molecules is 
described. 
2.8.1 Reaction of H2O with Pt(0)/B(C6F5)3  
The [Pt(CO)(L)]/B(C6F5)3 Lewis pair has been successful for the activation of 
dihydrogen, ethylene and phenylacetylene. So far it has been shown that imparting 
Scheme 2.16: Reaction of PhCCH and B(C6F5)3 and the products formed when in the presence of a 
Lewis base. 




reactivity in this system has not required forcing conditions, as all of the results have 
been achieved at room temperature and only atmospheric pressure of the reagent gas (if 
applicable).  
One of the major issues found with FLP hydrogenation catalysis is the sensitivity of the 
systems to moisture (as well as other functional groups such as alcohols and amines 
which are typically the products of hydrogenation catalysis).37–40 In recent years several 
groups have focussed their efforts on developing moisture tolerant systems which has 
typically involved modification/replacement of B(C6F5)3,
41–43 as well as the use of 
chemical scavengers and ethereal solvents to prevent reaction with products formed from 
catalysis.44–46 With this in mind, the moisture tolerance of the [Pt(CO)(L)]/B(C6F5)3 
system was investigated.  
One equivalent of [Pt(CO)(L1)] was combined with one equivalent of B(C6F5)3 in 
chlorobenzene which had not been subjected to any drying processes (and so contains 
traces of H2O) but had been deoxygenated prior to use. Immediate reaction was observed 
according to 31P{1H} NMR spectroscopy and any further conversion to products 
plateaued after 3 h. Two characteristic doublets at δP = 43.4 and 34.2 ppm (both with 
associated platinum satellites) in the 31P{1H} NMR spectrum indicated the presence of 
mononuclear cationic species 2.9 (ca. 12%) (Figure 2.11A). This was confirmed by the 
presence of the hydride signal for 2.9 in the 1H NMR spectrum. The only other 
phosphorus-containing species in solution was the starting material [Pt(CO)(L1)], which 
was still broadened by the presence of B(C6F5)3. The 
11B{1H} NMR spectrum contained 
two significantly broadened signals at δB = 59.1 (major species) and −2.0 ppm (minor 
species), the former corresponding to B(C6F5)3. This is reflected in the 
19F NMR 
spectrum (Figure 2.11B). The 19F NMR signals at approx. δF = −128, −143 and −160 
ppm arise from the ortho, para and meta fluorine atoms on the phenyl rings. The minor 
19F NMR signals at approx. δF = −133, −158 and −164 ppm corresponds to the broad 
signal in the 11B{1H} NMR spectrum at δB = −2.0 ppm but the identity of this 
intermediate species is still unknown. After leaving the solution for 3 days at room 
temperature, no further reactivity was observed. It is possible that maximum conversion 
of the Pt/B(C6F5)3 pair was reached as the amount of H2O in the bench chlorobenzene 
may be less than one equivalent.  
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One drop of deoxygenated, deionised H2O was added to the reaction mixture and 
immediate conversion to the ion pair 2.22 was seen (Scheme 2.17). The anionic fragment 
[HO-B(C6F5)3]
- has been characterised previously.47 The 11B{1H} and 19F NMR spectra 
confirm the presence of only one species whose chemical shifts match well with those 
reported for [HO-B(C6F5)3]
-. A broad peak at δH = 5.09 ppm in the 
1H NMR spectrum is 
tentatively assigned to the OH signal but the integration versus the signal for the Pt-H is 
not consistent with the expected 1:1 ratio (ca. 2.3:1 ratio of O-H to Pt-H). The literature 
value for the OH proton signal in the 1H NMR spectrum for related anionic fragments 
are typically found between, 1.5 and 2.0 ppm.48 Despite this anomaly the boron species 
in solution was assigned to the anionic fragment [HO-B(C6F5)3]
-








* = B(C6F5)3  
 





Figure 2.11: 31P{1H} NMR spectrum (A) and 19F NMR spectrum (B) of [Pt(CO)(L1)]/B(C6F5)3 in ‘wet’ 
PhCl after 3 h at room temperature. 
Scheme 2.17: Reaction of [Pt(CO)(L1)]/B(C6F5)3 with excess H2O to form ion pair 2.22. 




stable in solution over 4 days at room temperature. Attempts to crystallise the product for 
X-ray crystallography were unsuccessful.  
The analogous experiments were carried out with [Pt(CO)(L2)]/B(C6F5)3 which 
interestingly demonstrated different reactivity. When one equivalent of [Pt(CO)(L2)] 
was combined with B(C6F5)3 in undried, deoxygenated chlorobenzene, initial analysis of 
the 31P{1H} NMR spectrum showed the presence of cation 2.4. Unexpectedly, after 3 h, 
the only phosphorus-containing species, besides the starting material, was the binuclear 
cationic species 2.5 (Figure 2.12A). This concurs with the finding that L2 favours and 
stabilises binuclear species over the mononuclear species. This is the reverse of that 
observed for L1. It should also be noted that the 31P{1H} NMR signal for the starting 
material is significantly broadened (w1/2 = 480 Hz). The signals in the 
11B{1H} NMR 
spectrum and the 19F NMR spectrum (Figure 2.12B) are identical to that observed with 







* = B(C6F5)3  
 






Figure 2.12: 31P{1H} NMR spectrum (A) and 19F NMR spectrum of [Pt(CO)(L1)]/B(C6F5)3 in ‘wet’ 
PhCl after 3 h at room temperature. 
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One drop of degassed H2O was added to the reaction mixture and immediately full 
conversion of the starting material was seen by analysis of the 31P{1H} NMR spectrum. 
The major cationic species in solution was now mononuclear platinum species 2.4 
(Scheme 2.18). The major species in the 11B{1H} NMR spectrum was identified to be 
anion 2.23 which was confirmed by analysis of the signals in the 11B{1H} and 19F NMR 
spectra. Again, the OH signal in the 1H NMR spectrum could not be confidently assigned. 
A second minor (< 3%) four-coordinate boron species was seen at δB = 18.6 ppm but the 
corresponding species has not been identified. Interestingly over time mononuclear 
species 2.4 slowly converted to binuclear species 2.5. After 1 week, the binuclear species 
2.5 accounted for approx. 60% of the phosphorus containing species in solution. As stated 
before, this is consistent with the observation found for dihydrogen activation, 
confirming that the phosphinite ligand L2 stabilises and favours binuclear platinum 
bridging species such as 2.5 over mononuclear species.     
In both reactions of the different ligand systems there was no evidence for the formation 
of the trihydride species as observed in dihydrogen activation (see Section 2.5). This 
provided an opportunity to probe the hypothesis that the two binuclear species (2.10 and 
2.11 for L1, 2.5 and 2.6 for L2) are interconvertible. Scheme 2.10 in Section 2.5.1 shows 
Scheme 2.18: Reaction of [Pt(CO)(L2)]/B(C6F5)3 with excess H2O to form species 2.4, 2.6, 2.23 and an 
unidentified boron species. 




the possible exchange pathways between the two species. In the literature, only the 
conversion from related trihydride species to the bridging hydride/carbonyl species has 
been reported.28  
When the [Pt(CO)(L2)]/B(C6F5)3/H2O reaction mixture was subjected to H2 (1 bar, room 
temperature) the formation of trihydride species 2.6 was detected immediately in the 1H 
NMR spectrum, the concentration of which increased over time. Removing the H2 
atmosphere and replacing it with a carbon monoxide atmosphere did not have a 
significant effect on the equilibrium. Only a slight increase in the amount of 2.5 was 
observed under a CO atmosphere implying the equilibrium lies in favour of species 2.6 
(Scheme 2.10)  
The [Pt(CO)(L1)]/B(C6F5)3/H2O reaction mixture was also subjected to H2 (1 bar, room 
temperature) and the formation of trihydride species 2.11 was seen immediately in the 
1H NMR spectrum. This was unexpected due to the absence of binuclear species 2.10 
and with the only platinum species in solution identified as mononuclear 2.9. In order for 
2.9 to convert to 2.11, this must go via the binuclear species 2.10 as an intermediate, but 
this species is too reactive to be observed by NMR spectroscopy.  
The experiments described above give provide supporting evidence for the equilibria 




2.8.2 Reaction of THF with Pt(0)/B(C6F5)3 Lewis Pair 
The ring opening of cyclic ethers by both main group49–52 and transition metal33,34 FLPs 
has been achieved previously, although this reactivity predates the FLP moniker. Over 
50 years before the ring opening of THF by FLPs was first reported, Wittig and Rückert 
described the reaction of THF-BPh3 with NaCPh3 to form Na[Ph3BO(CH2)4CPh3].
53 
Following this, several Lewis acids, comprising complexes derived from Zr,54,55 Ti,56 
Sm57 and U58 and main group Lewis acids such as alanes59 and carboranes,60 coupled 
with a phosphine or amine base, have displayed similar ether ring-opening reactivity.  
An excess of THF was added to a solution of [Pt(CO)(L)]/B(C6F5)3 (where L = L1 or 
L2) in chlorobenzene at room temperature. No colour change was observed and the 
11B{1H} NMR spectrum displayed a single peak at 2.0 ppm. This species was identified 
to be the THF adduct of B(C6F5)3 (Scheme 2.19). It is worth noting here that the 
31P{1H} 
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NMR spectrum displayed only the starting [Pt(CO)(L)] complex and the line broadening 
that arose from the [Pt(CO)(L)]/B(C6F5)3 combination was not observed here (see 
Section 2.4). It is proposed that B(C6F5)3 interacts with [Pt(CO)(L)] but this interaction 
is weak and is disrupted by the more suitably matched ‘hard’ THF.  
The mixture was left at room temperature for 10 days after which no further reactivity 
was observed. The mixture was also heated to 80 °C for 3 days and yet still no reaction 
was observed. The proposed mechanism for ring-opening THF by a Lewis pair involves 
initial binding of the THF to the Lewis acid which then weakens the C-O bond making 
the α-carbon susceptible to nucleophilic attack by the Lewis base.55 Evidently, 
[Pt(CO)(L)] is not either electronically or sterically matched to attack the α-carbon of the 
THF ligand to induce ring-opening.  
2.8.3 Reaction of CO2 with [Pt(CO)(L2)]/B(C6F5)3 Lewis Pair 
The reaction of CO2 with [Pt(CO)(L1)]/B(C6F5)3 has previously been reported by the 
Wass and Pringle groups.7,8 Two species were identified in solution but only one was 
identified by X-ray crystallography and was found to be 1.70 (Scheme 2.20). The 
formation of this species was confirmed to be a result of cooperative activation of CO2 
(not just binding of CO2) due to the formation of ca. 20% unlabelled product (1.70) when 
using 13CO2. This could have only originated from the unlabelled CO ligand in the 
starting complex. The presence of the Lewis acid is essential for reactivity to occur.  
Scheme 2.19: Reaction of [Pt(CO)(L)] and B(C6F5)3 with THF. 
Scheme 2.20: Reaction of [Pt(CO)(L1)] and B(C6F5)3 with CO2. 




hen [Pt(CO)(L2)]/B(C6F5)3 was treated with CO2 (1 bar) in chlorobenzene at room 
temperature the bright orange colour of the solution noticeably increased in intensity 
overnight although there was a distinct colour change. Analysis of the 31P{1H} NMR 
after 16 hours showed the presence of ca. 15% starting material as well as several 
unidentified species with platinum satellites. Attempts to isolate single products were 
unsuccessful. Although the exact identity of the products remains unknown it can be 
postulated that the [Pt(CO)(L2)]/B(C6F5)3 Lewis pair does interact with the CO2 in a 
cooperative manner. The evidence supporting this is that the same reactivity is not seen 
in the absence of B(C6F5)3.  
2.9  Conclusions and Future Work 
This chapter has described the synthesis of a novel Pt(0) Lewis base, [Pt(CO)(L2)] and 
compared its properties and activation chemistry to [Pt(CO)(L1)]. Incorporating 
phosphinite ligand L2 into the Pt Lewis base significantly reduces the electron density at 
the metal centre. The impact of this on small molecule activation by the Pt(0)/B(C6F5)3 
Lewis pair system has been investigated. The formation of the labelled complex 
[Pt(13CO)(L2)] was synthesised in an attempt to identify pathways to activation products. 
When [Pt(CO)(L2)] and B(C6F5)3 were combined in solution, the observations recorded 
mirrored that observed for [Pt(CO)(L1)]/B(C6F5)3. The line broadening and 
thermochromic properties of the solution indicated the presence of a weak interaction 
between the platinum and borane components. This was supported by the fact that in the 
presence of THF the Pt(0)/B(C6F5)3 interaction was absent due to the THF strongly 
binding to the borane. 
The pathway to dihydrogen activation by [Pt(CO)(L)]/B(C6F5)3 was proposed to be via 
ion pair 2.10/2.7 for L = L1 and 2.5/2.7 for L = L2. These intermediates were not 
originally observed when using L1 but the cationic intermediate [Pt2(μ-H)(μ-CO)(L)2]
+
 
appears to be stable at room temperature when L = L2 which meant full conversion to 
the final activation products was never achieved. The use of the 13C-labelled starting 
material [Pt(13CO)(L1)] meant the intermediates were observable by 13C{1H} NMR 
spectroscopy in the early stages of the reaction. It is still unknown what the exact 
mechanism is for the formation of 2.10/2.7 and 2.5/2.7 and how these species convert to 
the final products 2.9/2.8 and 2.4/2.8 respectively. A DFT investigation of possible 
intermediates and transition states should be carried out.  
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Binuclear species and [Pt2(μ-H)(μ-CO)(L)2]
+ was shown to convert to [Pt2(μ-H)3(L)2]
+ 
when subjected to a H2 atmosphere. This explains the presence of [Pt2(μ-H)3(L)2]
+ in the 
dihydrogen activation experiments. Interestingly, incorporation of the phosphinite ligand 
L2 into the Pt system stabilised the formation of binuclear Pt species in comparison to 
using the alkyl phosphine L1. 
The coupling of ethene and CO was also observed when using L2 in the 
[Pt(CO)(L)]/B(C6F5)3 system at a much higher rate of formation than for the L1 system. 
Again, the activation product appears to be more stable when L = L2 than when L = L1. 
Further investigations should be made into the stability of these products to see if it is 
possible to create a catalytic system for CO/ethene coupling. The basicity of [Pt(CO)(L)] 
was shown with phenylacetylene activation where the substrate underwent deprotonation 
rather than 1,2-addition.  
It would be of interest to investigate the reactivity with internal alkenes and alkynes to 
see if similar reactivity is observed or if the steric demands drive the formation of 
different products. An initial investigation into internal alkyne activation was made using 
1-phenyl-1-propyne and the reaction reached full conversion but did not proceed cleanly. 
There were several species present in the 31P{1H} NMR spectrum of the final mixture 
but there was evidence in the 1H NMR spectrum of a methyl group coupling to platinum 
which indicated that there may have been addition to the alkyne triple bond. Further 
investigation is needed to identify all activation products.  
The substrate scope for the [Pt(CO)(L)]/B(C6F5)3 system was also explored. Although 
activation of THF has been shown to be successful with main group systems containing 
B(C6F5)3 as the Lewis acid, the Pt(0) Lewis base did not open the cyclic ether. 
Cooperative activity was observed whilst exploring the activation of CO2 by 
[Pt(CO)(L2)]/B(C6F5)3 but the reaction mixture was too complex to deconvolute and 
identify activation products with confidence. The [Pt(CO)(L)]/B(C6F5)3 system was also 
shown to be intolerant to water and the major products formed were as a result of 
deprotonation of H2O.  
Further work should include theoretical investigations into the pathways to activation 
products which have been identified by observable experimental intermediates. There are 
also several modifications to the system which could be made including modifying the 




ligand, the metal centre or the Lewis acid. Initial exploration into these modifications 
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Chapter 3  
Modifications to the Pt(0)/B(C6F5)3 
Lewis Pair System  
3.1 Introduction 
Chapter 2 described the development of a cooperative Lewis pair: [Pt(CO)(L)]/B(C6F5)3 
where L = L1 or L2. There was evidence of an interaction between the platinum(0) Lewis 
base and the borane Lewis acid, but this interaction was presumed to be weak and 
reversible. Both systems were effective in the activation of small molecules including 
dihydrogen, ethene and phenylacetylene. Although there was a significant difference in 
electronics at the Lewis basic centre when changing from L1 to L2 (see Section 2.3), 
many of the final activation products were analogous.  
The more electron-withdrawing ligand L2 stabilised the formation of binuclear platinum 
species over mononuclear species which were favoured when using L1. This difference 
allowed the elucidation of previously undetected intermediate in the pathway of 
dihydrogen activation by [Pt(CO)(L)]/B(C6F5)3. Further modification to the system could 
lead to the identification of other intermediates in activation pathways or potentially 
different activation products. 
3.1.1 Aims and Objectives 
The mechanism of activation of the substrates described in Chapter 2 were unknown and 
the scope of the activation chemistry was limited. A simple change of the backbone upon 
modification from L1 to L2 led to the elucidation of a possible activation pathway for 
dihydrogen. It was of interest to further explore different modifications of the system to 
deepen the understanding of the route to activation of small molecules. Modification of 
the system also could lead to the possibility of novel activation products. Thus, the aims 
of this part of the project were as follows:  
• To modify the diphosphine ligand to impart a change in the stereoelectronic 
properties of the Pt(0) centre 




• To explore the use of different Lewis acids in the cooperative Lewis pair 
• To investigate the use of different metal complexes as a Lewis base 
• To incorporate functionality into the diphosphine backbone 
3.2 Modifications to the Diphosphine Ligand 
In Chapter 2, the diphosphine ligand was modified from phosphine L1 to the analogous 
phosphinite L2 and the activation chemistry of these two systems was explored and 
compared. L2 is electronically different from L1 but the steric bulk around the metal 
centre was similar due to the use of the same terminal phosphine substituents. The 
research described below concerns the synthesis and use of a variety of phosphine ligands 
in the [Pt(CO)(L)]/B(C6F5)3 cooperative Lewis pair system.  
3.2.1 Synthesis of L3 and Coordination to Pt 
Ligand L3 (Scheme 3.1) was targeted due to the reduced steric bulk of PCy2 in 
comparison to PtBu2. Phosphinite ligand L3 was synthesised from the reaction of 
catechol and NaH with dicyclohexylchlorophosphine (Scheme 3.1). Complete 
consumption of the ClPCy2 starting material was observed by 
31P{1H} NMR 
spectroscopy after only 3 h at room temperature. The much shorter reaction time length 
and the less harsh (lower temperature) conditions needed to form L3 compared to L2  
(72 h, reflux in THF) is attributed to the smaller and less electron-donating phosphine 
substituent on the chlorophosphine electrophile. A small amount of the hydrolysis 
product HP(O)Cy2 was observed in the crude product but recrystallisation from hexane 
at −20 °C yielded pure L3. Crystals suitable for X-ray crystallography were grown from 
a saturated solution of L3 in hexane at −40 °C (Figure 3.1). It can be seen that the 
phosphorus groups in L3 are orientated away from each other. This may be a 
consequence of the repulsion of the lone pairs on the oxygen atom incorporated into the 
ligand backbone as well as minimising the steric repulsion from the cyclohexyl 
substituents.  
  
Scheme 3.1: Synthesis of L3. 
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Addition of L3 to [PtCl2(COD)] yielded the corresponding dichloroplatinum complex 
3.1 as a white solid in 90% yield (Scheme 3.2). Slow diffusion of hexane into a saturated 
solution of 3.1 in CH2Cl2 produced crystals suitable for X-ray crystallography (Figure 
3.2). The 7-membered ring formed has the expected conformation in which the PtP2 plane 
is almost orthogonal to the phenyl ring in the backbone of the ligand (See Section 2.2.1).   
  
Figure 3.1: Crystal structure of L3. Thermal ellipsoids at 50%. Hydrogen atoms omitted for clarity. 
Selected bond lengths (Å) and angles (°): P1-O1 1.6821(12); O1-C1 1.377(2); P2-O2 1.6764(12); O2-C6 
1.3910(19); P1-O1-C1 120.43(11), P2-O2-C6 119.66(10). 
 
Figure 3.2: Crystal structure of 3.1. Thermal ellipsoids at 50%. Hydrogen atoms and co-crystallised 
solvent molecule (CH2Cl2) omitted for clarity. Selected bond lengths (Å) and angles (°): Pt1-P1 
2.2187(9); Pt1-P2 2.2158(9); Pt1-Cl1 2.3752(8); Pt1-Cl2 2.3457(8); P1-O1 1.623(2); P1-C1 1.825(4); 
P1-C7 1.720(3); P2-O2 1.632(3); P2-C19 1.818(4); P2-C25 1.842(3); P1-Pt1-P2 99.40(3); P1-Pt1-Cl1 
88.12(3); P2-Pt1-Cl2 45.890; Cl1-Pt1-Cl2 46.393. 
 
Scheme 3.2: Formation of dichloroplatinum(II) complex 3.1. 




The first step in the attempted synthesis of [Pt(CO)(L3)] was the reaction of [Pt(nbe)3] 
with L3. The reaction mixture was left overnight and analysis by 31P{1H} NMR 
spectroscopy confirmed full complexation of L3 to form [Pt(nbe)(L3)] (δP = 181.0 ppm, 
1JPPt = 3584 Hz) (Scheme 3.3 and Figure 3.3A). In a Youngs NMR tube, the crude 
reaction mixture was subjected to a CO atmosphere (1 bar) and an instant colour change 
from colourless to pale yellow was observed. The 31P{1H} NMR spectrum showed full 
conversion to a new species with a sharp NMR resonance at δP = 151.2 ppm (
1JPPt = 3582 
Hz). This was unexpected as when the same experiment was carried out using L1 or L2, 
the complex formed under a CO atmosphere displayed a broad signal in the 31P{1H} 
NMR spectrum at room temperature. It was assumed that the new species formed was 
the four-coordinate dicarbonyl complex [Pt(CO)2(L3)] (Scheme 3.3). To confirm this, 
the experiment was repeated with 13CO, yielding a complex with an addition NMR 
spectroscopic handle. Interestingly, at room temperature the expected coupling between 
the 31P and 13C atoms was not observed and a singlet in the 31P{1H} NMR spectrum was 
observed for [Pt(13CO)2(L3)] (Figure 3.3B). At room temperature, a very broad signal in 
the 13C{1H} NMR spectrum was observed at δC = 182.4 ppm. Low temperature NMR 
spectroscopy studies showed the 31P{1H} NMR signal to broaden and then resolve to a 
triplet at −40 °C (2JPC = 16 Hz, Figure 3.3C). The signal in the 13C{1H} NMR spectrum 
also resolved at low temperature to a triplet confirming the formation of the dicarbonyl 
species [Pt(13CO)2(L3)] when the sample is under an atmosphere of 
13CO.  
The observation of [Pt(CO)2(L3)] under a CO atmosphere is consistent with what was 
seen when using L1 and L2 (See Section 2.3.1). It was hoped that upon removal of the 
CO atmosphere and the toluene solvent, some of the monocarbonyl complex 
[Pt(CO)(L3)] would be formed in equilibrium with [Pt(nbe)(L3)] and, as described 
before in Section 2.3, and after several CO/vacuum cycles it might be possible to isolate 
the monocarbonyl complex [Pt(CO)(L3)]. However, when this experiment was carried 
out and the solvent was removed, an off-white solid produced. This was redissolved in 
Scheme 3.3: Formation of [Pt(nbe)(L3)] and [Pt(13CO)2(L3)]. 
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toluene and analysis of the 1H and 31P{1H} NMR spectra revealed quantitative 
conversion back to the mononorbornene complex [Pt(nbe)(L3)]. The CO/vacuum cycle 
was repeated several times but there was no evidence that a monocarbonyl complex had 
formed, even in a very low conversion.    
It appears that L3 does not have the correct stereoelectronic properties to stabilise either 
a mono- or dicarbonyl Pt(0) complex in the presence of norbornene, and the absence of 
a CO atmosphere. The cyclohexyl substituents in L3 are not as electron-donating nor as 
bulky as the tert-butyl substituents in L1 or L2 but it is not clear which one, or if both of 
these factors led to the relative instability of the [Pt(CO)(L)] species. This discussion will 
be returned to in Section 3.2.2.  
3.2.2 Synthesis of L4 and Coordination to Pt 
Ligand L4 was synthesised following a modified literature procedure (Scheme 3.4).1 In 
2007, Wills et al. reported the synthesis of L4 via the generation of a diGrignard reagent 
Figure 3.3: 31P{1H} NMR spectra of (A) [Pt(nbe)(L3)] at room temperature, (B) [Pt(13CO)2(L3)] at 






Scheme 3.4: Formation of L4. 




from α,α’-dichloro-o-xylene followed by reaction with ClPCy2 but obtained low yields 
(48% after “some experimentation”) and no experimental procedure was reported.2 In 
our hands, attempts to synthesise L4 by formation of a diGrignard were unsuccessful. 
More recently, Beller et al. reported the synthesis detailed in Scheme 3.4 but obtained 
even lower yields (34%) than Wills.1 Yield would likely have been lost over the several 
recrystallisations from MeOH needed to obtain pure product. When the route detailed in 
Scheme 3.4 was attempted by the author, the crude product L4 was obtained in ca. 80% 
purity. Attempts to recrystallise the crude mixture from MeOH were unsuccessful 
because the mixture was insoluble, even in refluxing MeOH. L4 was obtained in 
sufficient purity (> 98%) by washing the crude mixture several times with hot MeOH  
(36% yield).   
The synthesis of [Pt(CO)(L4)] was attempted following the same procedure described in 
Section 2.3 for [Pt(CO)(L2)] with the appropriate ligand. Unfortunately, the 
monocarbonyl complex was not formed and similar difficulties were encountered with 
L4 as with L3 (Scheme 3.5). Platinum complex [Pt(nbe)(L4)] was formed upon addition 
of L4 to Pt(nbe)3. Treatment of the solution of [Pt(nbe)(L4)] with 
13CO led to the 
formation of dicarbonyl [Pt(13CO)2(L4)] which reverted back to [Pt(nbe)(L4)] upon 
removal of the solvent. This demonstrates that the dicyclohexyl substituent does not 
possess the necessary stereoelectronic properties needed to stabilise the formation of 
[Pt(CO)(L4)]. 
3.2.3 Synthesis of L5 and Coordination to Pt 
The work presented in this section was started by Gregory Godley, an MSci 
undergraduate student, under the supervision of the author. The work was repeated by 
the author and the data presented was collected by the author.  
The previous ligands tested in this Pt(0)/B(C6F5)3 system have all involved alkyl 
substituents on the phosphorus atom, so it was of interest to test the suitability of aryl 
Scheme 3.5: Formation of [Pt(nbe)(L4)] and [Pt(13CO)2(L4)]. 
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substituents. Ligand L5 was synthesised according to previous literature methods 
(Scheme 3.6).2 
Ligand L5 was unexpectedly found to be only partially soluble in common organic 
solvents (toluene, hexane, dichloromethane) which consequently meant that the 
coordination to the platinum precursor [Pt(nbe)3] only proceeded in very low conversion. 
Leaving the reaction mixture for longer (3 d) and refluxing the suspension did not aid the 
solubility of L5. Only a small amount (< 10%) of [Pt(nbe)(L5)] was formed in toluene 
and when this reaction mixture was subjected to CO the decomposition of unreacted 
[Pt(nbe)3] was apparent due to the formation of Pt(0) metal. A solution phase IR of the 
reaction mixture after filtration of the metallic platinum particles showed the presence of 
two carbonyl signals (νCO = 1997 and 1953 cm
-1) indicating the formation of a dicarbonyl 
species. However, attempts to isolate this species led to further degradation.  
Substitution of the phenyl rings in the PPh2 group could possibly lead to better solubility 
which could aid the initial complexation to the platinum precursor [Pt(nbe)3]. It would 
also be of interest to investigate substitution at the ortho position of the phenyl rings as 
this would induce more steric hinderance around the metal centre compared to other 
substitution locations. As discussed previously, steric hinderance may be necessary to 
stabilise the desired Pt(0)-monocarbonyl complex. Secondary o-substituted aryl 
phosphines are commercially available and would then require an extra step to form the 
in situ KPR2 to follow the analogous synthesis detailed in Scheme 3.6.   
Although the desired complex [Pt(CO)(L5)] could not be synthesised due to the 
insolubility of L5, it was predicted that it may not have possessed the required 
stereoelectronic properties needed to stabilise the monocarbonyl complex. This prompted 
the investigation into the use of L6 described in the next section.  
Scheme 3.6: Formation of L5. 




3.2.4 Synthesis of L6 and Coordination to Pt  
The work presented in this section was started by Gregory Godley, an MSci 
undergraduate student, under the supervision of the author. The work was repeated by 
the author and the data presented was collected by the author 
The tricyclic phosphine 1,3,5,7-tetramethyl-2,4,8-trioxa-6-phospha-adamantane cage 
(CgPH) is an unusual phosphine synthesised from the reaction of PH3 with acetylacetone 
and is formed as a mixture of enantiomers, α-CgPH and β-CgPH (Scheme 3.7).3 The PCg 
group is sterically similar to PtBu2 but electronically comparable to PPh2.
3 Ligand L6 has 
been previously synthesised by the reaction of diphosphino-o-xylene and acetylacetone 
but in very poor yields (< 6%).4 A improved synthetic route to L6 is shown in Scheme 
3.7. Lithiation of CgPH.BH3 at −78 °C followed by addition of α,α’-dichloro-o-xylene 
led to the formation of the borane protected ligand L6.BH3. Deprotection of the 
phosphine with diethylamine led to the air-stable product L6 in high yields as 1:2 
diastereomeric mixture of rac and meso isomers (81%). The dichloroplatinum complex 
[PtCl2(L6)] has been previously synthesised and X-ray crystal structure reported by Pugh 
and Pringle et al.4 
Addition of L6 to [Pt(nbe)3] led to the formation of mononorbornene complex 
[Pt(nbe)(L6)] (Scheme 3.8). The signal in the 31P{1H} NMR spectrum at room 
temperature was extremely broad (δP = 11.4 ppm, 
1JPPt = 3489 Hz, w1/2 = 832 Hz) (Figure 
3.4B). At least two isomers were expected to be observed due to the formation of a 
Scheme 3.7: Structure of CgPH enantiomers and the formation of L6. 
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diastereomeric mixture of rac-[Pt(nbe)(L6)] and meso-[Pt(nbe)(L6)]. Both high and low 
temperature NMR spectroscopy studies were carried out on [Pt(nbe)(L6)] (Figure 3.4A 
and 3.4C respectively).  
The resolution of signals in both the high and low temperature NMR spectroscopy studies 
demonstrate the fluxionality of [Pt(nbe)(L6)] on the NMR timescale. Studies on the 
analogous complex [Pt(nbe)(L1)] have already explored the origin of this fluxionality on 
the NMR timescale.5,6 In related metal complexes of xylenyl based ligands, the 
fluxionality has been attributed to inversion of the chelate ring formed with the Pt centre 
(Figure 3.5A).7–10 The other origin of fluxionality for a platinum mononorbornene 
complex is the slow rotation about the Pt-nbe bond which has been observed for similar 




Figure 3.4: 31P{1H} NMR spectra of [Pt(nbe)(L6)] at A) 85 °C, B) room temperature and C) −80 °C. 
Scheme 3.8: Formation of [Pt(CO)(L6)] via intermediate [Pt(nbe)(L6)]. 




With the added complication of having rac and meso diastereoisomers of [Pt(nbe)(L6)] 
there are several possible conformations in solution. The variable temperature 31P{1H} 
NMR spectra obtained display the complexity of the system (Figure 3.4A and 3.4C). 
Although the low temperature 31P{1H} NMR spectrum appears to be cleanly resolved, 
assignment of each signal proved elusive.  
The synthesis of [Pt(CO)(L6)] was carried out in a Youngs NMR tube and required at 
least 6 CO/vacuum cycles to convert [Pt(nbe)(L6)] to [Pt(CO)(L6)]. It was difficult to 
definitively say that full conversion to the final product was achieved as the NMR 
spectrum at room temperature of both the starting material and product were broad 
(Figure 3.4B and Figure 3.6A). [Pt(CO)(L6)] gives two broad signals in the 31P{1H} 
Figure 3.5: Origins of fluxionality in [Pt(nbe)(L6)]. A) chelate ring inversion B) rotation about Pt-nbe 
bond. 
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NMR spectrum at room temperature (δP = −10.3 and −11.5 ppm, Figure 3.6A). Low 
temperature 31P{1H} NMR spectroscopy studies showed that the signals resolve into the 
expected singlet and two doublets for the meso and rac isomers respectively (Figure 
3.6B). It should be noted here that the proportion of the rac isomer is much higher than 
the meso isomer of [Pt(CO)(L6)]. This originates from the 1:2 diastereomeric mixture of 
meso and rac isomers of the ligand L6 obtained from the ligand synthesis. From this we 
can also assign the major isomer in the diastereomeric mixture of L6 to be the rac isomer.     
3.2.4.1 Reaction of Dihydrogen with [Pt(CO)(L6)]/B(C6F5)3  
The in situ formation of [Pt(CO)(L6)] allowed for the study of small molecule activation 
by the [Pt(CO)(L6)]/B(C6F5)3 Lewis pair. Addition of 1 equivalent of B(C6F5)3 to 
[Pt(CO)(L6)] in d5-PhCl did not lead to any obvious changes in appearance of the 
solution or by 31P{1H} NMR spectroscopy. When the solution was frozen there were no 
clear thermochromic effects seen unlike the analogous systems with L1 and L2 (see 
Section 2.4). Upon reaction with H2 (1 bar, r.t.), an immediate colour change to pale 
orange (from bright orange) was seen which lightened to a pale yellow over time. After 
5 h, the 31P{1H} NMR spectrum was very broad with signals observed around δP = 12 
ppm. Analysis of the hydride region of the 1H NMR spectrum indicated the formation of 
a binuclear platinum bridging hydride species at δH = −4.86 ppm and potentially the 
presence of a monohydride platinum complex due to the appearance of a signal 
resembling a doublet of doublets at δH = −3.58 ppm (Figure 3.7). Due to the complexity 
arising from the diastereoisomers it was difficult to confidently assign the structures of 
the activation products. The 11B{1H} NMR spectrum did show a sharp signal at δB = 
−27.6 ppm which has been previously identified as anion 2.7. Further analysis of the 
reaction mixture would be necessary to propose the structures of the activation products 
and a possible activation pathway.  
Figure 3.7: Hydride region of the in situ 1H NMR spectrum of the reaction between 
[Pt(CO)(L6)]/B(C6F5)3 and H2 at room temperature after 5 h. 




3.2.5 Synthesis of L7 and L8 and Coordination to Pt 
The work presented in this section was started by Daniel Feivor, a visiting undergraduate 
summer student, under the supervision of the author. The work was repeated by the 
author and the data presented was collected by the author. 
Until this point, the mechanisms of the small molecule activation reported in Chapter 2 
remained to be elucidated. The use of an unsymmetrical diphosphine ligand was 
proposed to help identify possible mechanistic intermediates as it would be able to 
provide information about what is happening at the platinum centre relatively to the 
individual phosphorus centres. The synthesis of L7 was attempted using commercially 
available 3,5-di-tert-butylcatechol (Scheme 3.9). It was hoped that the unsymmetrical 
phosphine formed would have distinct chemical shifts. Unfortunately, the solid isolated 
from the reaction only contained ca. 30% of what was suspected to be product which 
displayed signals at δP = 175.2 and 163.4 ppm in the 
31P{1H} NMR spectrum. There were 
two other major peaks in the 31P{1H} NMR spectrum: the first at δP = 62.9 ppm, which 
is thought to be the hydrolysis product 2.3 (Section 2.2); the second signal at δP = 6.4 
ppm was proposed to be the P(V) species 3.2 due to the observation of 1JPH coupling in 
the 31P proton coupled NMR spectrum (Scheme 3.9). Ligand L7 was not successfully 
isolated for use in coordination chemistry.  
The unsymmetrical phosphinite ligand L8 was synthesised successfully in an analogous 
reaction to the formation of L2; deprotonation of commercially available 4-tert-
butylcatechol by sodium hydride followed by addition of di-tert-butylchlorophosphine 
(Scheme 3.10). 
Scheme 3.10: Formation of L8. 
Scheme 3.9: Attempted formation of L7 and possible by product 3.2. 
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The 31P{1H} NMR spectrum of L8 displayed two signals for the inequivalent phosphines 
at δP = 151.9 and 151.4 ppm. The dichloroplatinum complex [PtCl2(L8)] was synthesised 
by reaction of L8 with [PtCl2(COD)] and the molecular structure is shown in Figure 3.8. 
This structure also displays the unusual conformation of the 7-membered ring seen in the 
molecular structure analogous to [PtCl2(L2)] (see Section 2.2.1). Again, variable 
temperature NMR spectroscopy studies concluded that this conformation does not persist 
in solution and is most likely an effect of crystal packing.  
Figure 3.9 shows the 31P{1H} NMR spectrum for [PtCl2(L8)]. The two signals for the 
phosphorus atoms are well resolved at δP = 135.8 and 135.5 ppm (
2JPP = 5.0 Hz and 
1JPPt 
= 4145 and 4137 Hz respectively). Although the tert-butyl group on the aryl ring is quite 
remote from the phosphorus centres, it has sufficient influence to produce distinct signals 
in the 31P{1H} NMR spectrum for [PtCl2(L8)] and the coupling between the two 
phosphorus centres is well resolved. This makes ligand L8 an ideal candidate for the 
formation of the Pt(0) Lewis base in the hope of gaining more information about the 
mechanism of formation of the activation products. However, time did not permit further 
exploration of this ligand.   
 
Figure 3.8: Crystal structure of [PtCl2(L8)]. Thermal ellipsoids at 50%. Hydrogen atoms and solvent 
molecules omitted for clarity. Two independent molecules are observed in the asymmetric unit and only 
differ by the orientation of the Ar-CH3 and one molecule has been omitted for clarity. Selected bond 
lengths (Å) and angles (°): Pt2-P3 2.2458(13); Pt2-P4 2.2431(13); Pt2-Cl3 2.3570(14); Pt2-Cl4 
(2.3635(13); P3-O3 1.621(3); P4-O4 1.624(4); P3-Pt2-Cl3 89.99(5); P3-Pt2-P4 96.66(5); P4-Pt2-
Cl489.99(5); Cl3-Pt2-Cl4 84.09(5); P3-O3-C35 136.8(4); P4-O4-C40 138.9(4). 
 




3.3 Variation of the Lewis Acid 
All of the activation experiments described in this section were carried out with one 
equivalent of platinum complex and one equivalent of a Lewis acid in chlorobenzene at 
room temperature in a Youngs NMR tube unless stated otherwise. Full experimental 
details are given in Chapter 5.   
The work described in Chapter 2 and Chapter 3 so far has only employed B(C6F5)3 as the 
Lewis acid in the cooperative Lewis pair system. Now that it has been shown that both 
[Pt(CO)(L1)] and [Pt(CO)(L2)] can be used as a Lewis base in cooperative Lewis pair 
small molecule activation, it was of interest to explore the scope of Lewis acids which 
could be used in the system. 
3.3.1 Triphenylborane 
Substitution of the fluorine substituents on the aromatic rings of B(C6F5)3 for hydrogen 
significantly decreases the Lewis acidity of the borane centre. This was shown by 
Bristovsek et al. who utilised the Gutmann-Beckett measure of Lewis acidity.12–14   
A 1:1 mixture of [Pt(CO)(L1)] and BPh3 was dissolved in chlorobenzene at room 
temperature. There was no evidence from analysis of the 31P{1H} and 11B{1H} NMR 
spectra (either a chemical shift difference or broadening of the signals) that there was an 
interaction between the Lewis acid and Lewis base components. The reaction of the 
Lewis pair [Pt(CO)(L1)]/BPh3 with H2 did not result in a significant colour change of the 
solution. After 1 h, the signals for [Pt(CO)(L1)] in the 31P{1H} NMR spectrum had 
Figure 3.9: 31P{1H} NMR spectrum of [PtCl2(L8)] with an expansion of the main signals to show the 
observed roofing. 
Chapter 3: Modifications to the  Pt(0)/B(C6F5)3 Lewis Pair System 
 
 85   
 
significantly broadened (w1/2 = 160 Hz) and there was a clear signal for the cis-dihydride 
3.3 (Scheme 3.11).  
After the reaction mixture was left stirring overnight, only ca. 20% conversion of 
[Pt(CO)(L1)] was observed by 31P{1H} NMR spectroscopy. The two other phosphorus-
containing species in solution were 3.3 and trihydride binuclear species 2.11. This was 
confirmed by the presence of the corresponding hydride signals in the 1H NMR spectrum 
(δH = −3.13 (3.3) and −7.48 (2.11)). The major species in the 
11B{1H} NMR spectrum 
was free BPh3 (δB = 64.2 ppm) and there was a second signal at δB = 0.7 ppm. The 
expected anion [H-BPh3]
-
  give a sharp signal in the 
11B{1H} NMR spectrum at δB = −6.9 
ppm but this was not seen for the reaction mixture of [Pt(CO)(L1)]/BPh3 with H2.
15 The 
only boron containing species observed by ESI-MS in the negative ion spectrum was an 
anion with m/z = 273.2 which was deduced to be the methoxy adduct of BPh3 formed 
during the acquisition of the mass spectrum which was run in a PhCl/MeOH mixture.   
Combination of [Pt(CO)(L2)] and BPh3 in chlorobenzene at room temperature resulted 
in no change in the NMR spectrum of the individual components. Reaction of 
[Pt(CO)(L2)]/BPh3 with H2 occurred in a similar manner to [Pt(CO)(L1)]/BPh3. The 
main differences observed was that the formation of trihydride species occurred within 1 
h (vs 16 h for L1) and there was much greater broadening of the [Pt(CO)(L2)] signal in 
the 31P{1H} NMR spectrum (w1/2 = 641 Hz, Figure 3.10A). The origin of the broadening 
is proposed to be due to association of a dihydrogen molecule with the Pt(0) complex. 
The stronger π-acceptor L2, in comparison to L1, may lead to a stronger association with 
the dihydrogen molecule, which has been shown to be fluxional on the NMR timescale 
at room temperature. Low temperature NMR spectroscopy studies would need to be 
Scheme 3.11: Reaction of [Pt(CO)(L)]/BPh3 with H2. 




carried out to confirm an interaction between the dihydrogen and the Pt(0) complex. 
[Pt(CO)(L2)] reached a maximum conversion to 3.3 and 2.6 of ca. 30% even after 5 d.   
Reaction of [Pt(CO)(L)]/BPh3 (L = L1 or L2) with ethene did not lead to any activation 
products. The only reactivity observed was the quantitative exchange of the CO ligand 
in [Pt(CO)(L)] for ethene to form [Pt(C2H4)(L)].   
3.3.2 Triphenylborate 
The incorporation of an oxygen atom between the boron and the carbon substituent of 
the Lewis acid increases the Lewis acidity of the boron centre. B(OPh)3 is more Lewis 
acidic than BPh3 but is less Lewis acidic than B(C6F5)3 which makes it a good 
intermediate candidate for study of the Pt(0)/B Lewis pair system.12  
Reaction of a combination of [Pt(CO)(L1)] and B(OPh)3 in chlorobenzene at room 
temperature resulted in a bright orange solution which displayed no changes in the NMR 
spectrum of the individual starting reactants. Reaction of [Pt(CO)(L1)]/B(OPh)3 with H2 
Figure 3.10: A) 31P{1H} NMR spectrum and B) hydride region of the 1H NMR spectrum of the reaction 
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at room temperature led to the formation of cis-dihydride 3.3 and trihydride species 2.11, 
with full conversion of [Pt(CO)(L1)] after 16 h (Scheme 3.12). This was confirmed by 
analysis of the 31P{1H} and 1H NMR spectra. This is in contrast to when BPh3 was used 
as the Lewis acid where only ca. 20% conversion of [Pt(CO)(L1)] was seen. The 11B{1H} 
NMR spectrum still showed the presence of free B(OPh)3 and the only other signal was 
a sharp singlet at δB = 2.4 ppm. The identity of this species was anticipated to be the 
activation product [H-B(OPh)3], but the coupled 
11B NMR spectrum did not exhibit 
additional splitting. The 4-coordinate species in solution was confirmed by mass 
spectrometry to be anion 3.5 (Scheme 3.12).16 This was unexpected and is proposed to 
form through ligand redistribution of boron species in solution.17      
A slight broadening of the 31P{1H} NMR signal for [Pt(CO)(L2)] (w1/2 = 30 Hz) was 
seen upon combination with B(OPh)3 in chlorobenzene at room temperature. The 
reactivity was similar to that seen for [Pt(CO)(L1)]/B(OPh)3 but occured at a much faster 
rate where the full conversion of [Pt(CO)(L2)] to 2.6 is observed within 3 h. Cis-
dihydride species 3.4 was observed within the initial stages of the reaction suggesting 3.4 
converts to 2.6 (see Section 3.3.6). The only species identifiable in the 11B{1H} NMR 
spectrum is free B(OPh)3 and anion 3.5.  
It should be noted that analysis of the 31P{1H} NMR spectra of the reaction mixtures after 
5 d shows the formation of new platinum containing species (Figure 3.11A/B). These 
signals correspond to a new hydride signal which lies underneath the trihydride signal in 
the 1H NMR (Figure 3.11C/D). The structures of these species have not been elucidated 
from the spectroscopic data collected.    
Reaction of [Pt(CO)(L)]/BPh3 (L = L1 or L2) with ethene disappointingly did not lead 
to any activation products. The only reactivity observed was the quantitative exchange 
of the CO ligand in [Pt(CO)(L)] for ethene to form [Pt(C2H4)(L)] which is the same as 
Scheme 3.12: Reaction of [Pt(CO)(L)]/B(OPh)3 with H2. 




what was seen with BPh3. Triphenylborate appears to not possess the correct 
stereoelectronic properties to activate ethene in a similar way to B(C6F5)3.  
3.3.3 Tris(3,4,5-trifluorophenyl)borane, B(C6H2F3)3 
The use of fluorinated phenyl boranes which are devoid of substitution at the o-position 
have shown some striking reactivity differences in catalytic processes such as the 
hydroboration of alkenes and imines.18,19 The successful imine hydroboration with 
pinacolborane showed the advantages of BArF3 over B(C6F5)3. This was rationalised by 
the reduced steric hinderance around the boron centre in BArF3 but similar Lewis acidity 
to B(C6F5)3.
18,20 B(C6H2F3)3 was also tested for catalytic imine hydroboration and 
exhibited excellent reactivity with full conversion after just 4 h. This was proposed to 
proceed via initial coordination of B(C6H2F3)3 with the imine to form a Lewis adduct 
which lowers the LUMO of the imine for attack by pinacolborane. B(C6H2F3)3 has not 
yet been reported for use in FLP chemistry. It was of interest to investigate whether a 
lack of substitution at the ortho position of the phenyl ring would influence small 
molecule activation in the Pt(0)/B cooperative Lewis pair system.  
Figure 3.11: NMR spectrum of [Pt(CO)(L)]/BPh3 with H2 after 5 d at room temperature. 
A) 31P{1H} NMR spectrum when L = L1; B) 31P{1H} NMR spectrum when L = L2; C) Hydride region 
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[Pt(CO)(L1)] and B(C6H2F3)3 were combined in chlorobenzene at room temperature to 
produce an orange solution. No change in chemical shift or broadening was observed in 
the 31P{1H} or 11B{1H} NMR spectra. When freezing the solution in liquid nitrogen, a 
colour change from orange to bright red was observed. As seen with B(C6F5)3 (see 
Section 2.4), this thermochromic effect could indicate some interaction between 
[Pt(CO)(L1)] and B(C6H2F3)3. The same observations, in the 
31P{1H} and 11B{1H} NMR 
spectra and in frozen solution, were made for the cooperative Lewis pair 
[Pt(CO)(L2)]/B(C6H2F3)3.  
Reaction of [Pt(CO)(L1)]/B(C6H2F3)3 with H2 in a Youngs NMR tube did not lead to a 
colour change initially but a gradual change to pale yellow was observed over 16 h. The 
in situ 31P{1H} NMR spectrum taken after 10 min showed ca. 25% conversion of 
[Pt(CO)(L1)] to 2.9, 2.11 and a minor amount of 3.3 (Figure 3.12). The corresponding 
signals in the 1H NMR spectrum were also seen.  
The 11B{1H} NMR spectrum displayed a signal for unreacted B(C2H2F3)3 (δB = 63.1 
ppm), one broad signal at δB = −0.3 ppm and two minor sharp signals at δB = −8.4 and 
−9.5 ppm. After 8 h, full conversion of the starting material was observed by both 
31P{1H} and 11B{1H} NMR spectroscopy. The only products in the 31P{1H} NMR 
spectrum were now 2.9 and 2.11, which was confirmed by analysis of the 1H NMR 
spectrum and by mass spectrometry. The identity of the boron-containing species in 
solution was more elusive (Figure 3.13). The major species in the 11B{1H} NMR 
Figure 3.12: 31P{1H} NMR spectrum of the reaction of [Pt(CO)(L1)]/B(C6H2F3)3 with H2 at room 








spectrum was a 4-coordinate species at δB = −8.4 ppm (Figure 3.13A). The two other 
detectable species are a 3-cordinate species at δB = –0.3 ppm and a 4-coordinate species 
at δB = −9.5 ppm. The 
19F{1H} NMR spectrum was complicated with several doublets 
between δF = −133.1 and −140.2 ppm which correspond to meta-substituted F and several 
sets of triplets between δF = −160.5 and −178.3 ppm which correspond to para-
substituted F (Figure 3.13B). No further reactivity was observed after 2 d.      
Interestingly, reaction of [Pt(CO)(L2)]/B(C6F5)3 with H2 led to almost full conversion to 
2.6 as the sole product within 10 min according to the 31P{1H} NMR spectrum. After 1 
h, full conversion of [Pt(CO)(L2)] to 2.6 was observed. The only identifiable species in 
the 11B{1H} NMR spectrum was a 4-coordinate species at δB = −8.4 ppm. The 
19F NMR 
spectrum was less ambiguous than for [Pt(CO)(L1)]/B(C6H2F3)3 (Figure 3.14). There are 
two signals in a 1:3 ratio at δF = −136.0 and −138.5 ppm respectively (assigned to meta-
F) with corresponding signals at δF = −165.7 and 168.1 ppm (assigned to para-F). There 
were other minor species apparent in the 19F NMR spectrum and two very broad signals 
at δF = −134.8 and −157.6 ppm which have not been assigned. Curiously, after the 
reaction was left for 2 d at room temperature, a very small amount of 2.4 could be 
observed in the 1H NMR spectrum.  
The negative ion ESI mass spectrum (in a PhCl/MeOH mixture) displayed two signals 
which featured the distinctive isotope pattern for boron. The first at m/z = 435.1 was 
assigned to a MeOH adduct of B(C6H2F3)3 which can be accounted for by a very small 
amount of unreacted B(C6H2F3)3 in the reaction mixture. The second at m/z = 565.1 is 
B A 
Figure 3.13: 11B{1H} NMR (A) and 19F{1H} NMR (B) spectra of the reaction of 
[Pt(CO)(L1)]/B(C6H2F3)3 with H2 after 8 h. 
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yet to be identified but does not match any of the expected activation products or species 
which could occur from ligand redistribution (as seen with other boranes in Section 3.3.2 
and 3.3.3). Further analysis needs to be carried out to identify the anion in the reaction 
of [Pt(CO)(L2)]/B(C6H2F3)3 with H2. 
[Pt(CO)(L)]/B(C6H2F3)3 (L = L1 or L2) was subjected to one bar of ethene at room 
temperature. The orange solution changed to yellow and pale pink for L1 and L2 
respectively. These colour changes are reminiscent of those seen when forming 
[Pt(C2H4)(L)] and the formation of this species was confirmed by 
31P{1H} NMR 
spectroscopy.‡ No further reactivity was seen for either system.  
Addition of an excess of phenylacetylene to [Pt(CO)(L1)]/B(C6H2F3)3 in chlorobenzene 
led to the formation of an intense bright orange solution. After 16 h, signals for 2.9 could 
be seen in the 31P{1H} NMR spectrum with the corresponding hydride signal in the 1H 
NMR spectrum. However, [Pt(CO)(L1)] was still the major species in solution  
(> 90%). The 11B{1H} NMR spectrum showed a broad signal attributed to unreacted 
B(C6H2F3)3 and a single sharp peak at δB = −7.2 ppm which did not display any splitting 
when the spectrum was coupled to 1H. This product is proposed to be from the reaction 
of B(C6H2F3)3 with PhCCH analogous to that seen for B(C6F5)3 (see Section 2.6.1).
21 
                                                 
‡ Minor amounts of [Pt(H)(CO)(L)] were also seen in the 31P{1H} NMR spectrum. This is thought to 
originate from activation of an impurity in the batch of ethylene used as this was not seen when a different 
batch was used. The impurity was not identified. 
Figure 3.14: 19F NMR spectrum of the reaction between [Pt(CO)(L2)]/B(C6H2F3)3 with H2 after 1 h. 




A colour change from orange to deep red was observed upon addition of phenylacetylene 
to [Pt(CO)(L2)]/B(C6H2F3)3. After 10 min, 
31P{1H} NMR spectroscopy confirmed the 
full conversion of [Pt(CO)(L2)] to several new species (Figure 3.15). The main species 
displays two doublets at δP = 199.1 and 187.6 ppm (
1JPPt = 3550 and 4295 Hz 
respectively) with a 2JPP of 19 Hz. In the 
1H NMR spectrum, a new signal in the alkyl 
region is seen at δH = 4.33 ppm (Figure 3.15 inset). This signal appears to display 
platinum satellites and the multiplicity suggests that it could be coupling to two 
phosphorus atoms. The 19F{1H} NMR spectrum is extremely complex and the 11B{1H} 
NMR is broad but two sharp signals can be identified at δB = −7.3 and −12.9 ppm. 
Compiling this NMR evidence together, the major activation product of this reaction is 
tentatively proposed to be zwitterion 3.6 (Scheme 3.13). This product could result from 
1,2-addition of the [Pt(CO)(L2)]/B(C6H2F3)3 cooperative Lewis pair to PhCCH. This is 
one of two activation pathways observed for cooperative Lewis pairs (see Scheme 2.12 
in Section 2.7). A small amount of 2.4 can also be identified in the 31P{1H} and 1H NMR 
spectrum.  
Figure 3.15: 31P{1H} NMR spectrum of the reaction of [Pt(CO)(L2)]/B(C6H2F3)3 with PhCCH. 
 Inset: Alkyl region of  1H NMR spectrum of the reaction of [Pt(CO)(L2)]/B(C6H2F3)3 with PhCCH. 
Scheme 3.13: Proposed activation product 3.6 from the reaction of [Pt(CO)(L2)]/B(C6H2F3)3 with 
PhCCH. 
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3.3.4 [Zr(Cp*)2(OMes)][B(C6F5)4]   
Previous research in the Wass group had focused on the development of a zirconocene 
Lewis acid for use in cooperative Lewis pair small molecule activation and catalysis (see 
Section 1.4 for a more detailed review of this work).22–26 The initial work was based on 
an intramolecular system where the Lewis base was a tethered phosphine. This 
cooperative Lewis pair was shown to activate a variety of small molecules and was 
applied in the catalytic dehydrogenation of amine-boranes. Further research led to the 
development of an intermolecular system which showed a wide range of small molecule 
activation and was applied to the catalytic dehydrocoupling of amine-boranes. The 
zirconocene Lewis acid fragment was also shown to catalyse imine hydrogenation via an 
FLP-like mechanism in an analogous manner to B(C6F5)3.   
[Zr(Cp*2)(OMes)][B(C6F5)4] (3.7) was chosen as the Lewis acid to test in the cooperative 
Lewis pair system with [Pt(CO)(L)] (L = L1 or L2, Scheme 3.14). Attempts to isolate 
3.7 often led to degradation despite being successfully isolated previously.24 It is known 
that the isolated products can be very sensitive and difficult to handle; therefore 3.7 was 
used in situ from the reaction mixture. This meant that the by-product of the first methyl 
abstraction of [Zr(Cp*)2(Me)2], Ph3CMe, was present in solution but it was thought this 
would not interfere with the desired small molecule activation. All activation 
experiments were carried out with the 13C-labelled platinum Lewis base complexes 
[Pt(13CO)(L1)] and [Pt(13CO)(L2)] to aid identification of any activation products. 
Scheme 3.14:  Proposed structure 3.8 of complex formed upon combination of [Pt(CO)(L)] and 3.7. 




Upon combination of 3.7 to [Pt(13CO)(L1)] in chlorobenzene at room temperature, the 
intense red colour of 3.7 was quenched to give an orange solution. The 31P{1H} NMR 
signal shifted downfield by 3.7 ppm (70.2 to 66.4 ppm) and the 1JPPt coupling decreased 
by over 500 Hz (3680 to 3125 Hz). A significant downfield chemical shift difference was 
seen in the 13C{1H} NMR signal for the 13CO ligand (228.7 to 270.8 ppm) and there was 
increase in 1JCPt (2100 to 2510 Hz). Very similar observations were made when 
[Pt(13CO)(L2)] was combined with in situ formed 3.7 in chlorobenzene at room 
temperature. The 13C{1H} and 31P{1H} NMR spectra of the signals corresponding to 
[Pt(13CO)(L2)] before and after the combination with 3.7 are shown in Figure 3.16. Due 
to the oxophilic nature of the zirconium centre, it is proposed that [Pt(13CO)(L)] 
coordinates to the zirconium centre by the oxygen of the CO ligand (Scheme 3.14). Two 
signals in the 1H NMR for the o-methyl groups of the mesityl ligand indicate the 
zirconocene complex had become unsymmetrical.   
[Pt(13CO)(L1)]/3.7 was treated with H2 (1 bar) at room temperature. After 2 h, the 
hydride region of the 1H NMR showed the presence of cis-dihydride 3.3 and trihydride 
2.11. After 16 h, the only hydride species was 2.11 but the major species in solution was 
still 3.8a. No further reactivity was observed after 5 d at room temperature. The 
analogous reaction with [Pt(13CO)(L2)]/3.7 showed similar results to that observed 
previously with other Lewis acids such as BPh3 and B(OPh)3. The 
1H NMR spectrum 
showed the trihydride species 2.6 as the only platinum-hydride species in solution after 
2 h. Cis-dihydride 3.4 was not detected by NMR spectroscopy but the evidence suggests 
A B 
Figure 3.16: A) 13C{1H} and B) 31P{1H} NMR spectra of [Pt(13CO)(L2)] before (top) and after (bottom) 
combination with 3.7 in chlorobenzene at room temperature. 
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that 2.6 is formed from the intermediary 3.4 (see Section 3.3.6). Again, the main 
phosphorus-containing species in solution was 3.8b and the composition of the mixture 
did not change after 5 d at room temperature. It was unclear what the fate of the 
zirconocene component was. If 3.7 had been protonated, a signal at ca. δH = 5.60 ppm 
was expected in the 1H NMR spectrum but no signal was seen around this chemical shift. 
[Pt(13CO)(L)]/3.7 did not show any activation chemistry when treated with ethene (1 bar, 
room temperature) and the only reactivity observed was the formation of [Pt(C2H4)(L)]. 
[Pt(13CO)(L)]/3.7 also did not show any reactivity with phenylacetylene. This suggests 
that when [Pt(13CO)(L)] is combined with 3.7, a strong interaction between the Lewis 
acidic and Lewis basic components (potentially in the manner shown in proposed 
structure 3.8, Scheme 3.14) is preventing further reactivity with small molecules.  
3.3.5 Aluminium Lewis Acids 
The initial work on small molecule activation by FLPs focussed on P/B systems.27 The 
scope was quickly expanded to involve several other main group elements as the Lewis 
centres including aluminium as the Lewis acid. The intermolecular systems first 
employed the aluminium analogue of B(C6F5)3, Al(C6F5)3. This was found to 
successfully activate alkynes, alkenes and CO2, although some of the products were more 
unstable than the boron counterparts.28–31 It has also been shown that simple aluminium 
halides are capable of activating ethylene with PMes3 although a second equivalent of 
AlX3 was necessary to stabilise the activation product.
28 Aluminium halides have also 
shown reactivity in the reduction of CO2 to CO.
31 
The preparation of Al(C6F5)3, either solvated
32,33 or unsolvated,34 has been reported 
previously. Unfortunately, in our hands attempts at synthesising Al(C6F5)3 by the 
reported method resulted in the formation of an intractable oil. AlCl3 has been reported 
to have comparable Lewis acidity to B(C6F5)3 and has shown success in small molecule 
activation as part of an FLP.28,31,35      
Combination of [Pt(CO)(L1)] and AlCl3 led to significant broadening in the 
31P{1H} 
NMR spectrum but no difference in chemical shift (w1/2 = 189 Hz). Reaction of 
[Pt(CO)(L1)]/AlCl3 with H2 at room temperature in chlorobenzene led to full conversion 
of the starting material to 2.9 and 2.11 (ca. 4:1 ratio respectively, Scheme 3.15). The 
27Al{1H} NMR spectrum showed one sharp signal at δAl = 97.1 ppm which indicates the 




formation of a 4-coordinate species. Surprisingly, the coupled 27Al did not show any 
splitting of the signal and there was no evidence of an aluminium hydride in the 1H NMR 
spectrum. Similar observations were made for [Pt(CO)(L2)] and AlCl3 but the ratio of 
2.4 and 2.6 was very different (ca. 1:20 respectively, Scheme 3.15). Again, the 27Al{1H} 
NMR spectrum showed a single sharp signal at δAl = 97.1 ppm. For both reactions, there 
was no spectroscopic evidence of the cis-dihydride in solution, but this reactivity occurs 
a lot faster than the previously tested Lewis acids (< 1 h for L1 and < 10 min for L2).     
The Lewis pair system [Pt(CO)(L)]/AlCl3 did show some reactivity towards ethene but 
the products were not identified. The presence of [Pt(C2H4)(L)] could be seen in the 
31P{1H} NMR spectrum amongst several other platinum-phosphorus containing species 
and several sharp signals in the 27Al{1H} NMR indicated the formation of 4-coordinate 
aluminium species.  
3.3.6 Alternate Pathways for Dihydrogen Activation 
A pathway to dihydrogen activation was proposed for the cooperative Lewis pair system 
[Pt(CO)(L)]/B(C6F5)3 (see Section 2.5.1). Altering the Lewis acid of the system leads to 
different major activation products which goes against the pathway proposed. Although 
all of the different Lewis acids tested for dihydrogen activation, described in the Sections 
above, have their own unique reactivity, many of the platinum-containing activation 
products remained the same. With this in mind, alternative pathways to the dihydrogen 
activation products are shown in Scheme 3.16.  
Due to the broadening of the 31P{1H} NMR signal for [Pt(CO)(L)] in the presence of 
dihydrogen, it is plausible that this is due to the interaction of H2 with [Pt(CO)(L)] to 
form a species such as 3.9. This has been shown to then oxidatively add to the platinum 
centre to form cis-dihydride 3.10. In the absence of a Lewis acid, this reaction only 
Scheme 3.15: Reaction of [Pt(CO)(L)]/AlCl3 with H2. 
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proceeds ca. 30% and is reversible. In the presence of a Lewis acid this can react further 
to form trihydride species 3.11. The fate of the Lewis acid at this stage is unknown and 
appears to be specific to the Lewis acid being used. The formation of 3.11 is not observed 
if there is no Lewis acid present.  
[Pt(CO)(L)]-H2 3.9 could react with a Lewis acid to heterolytically cleave H2 via an 
encounter complex such as 3.12. This would form cation 3.13 and [H-LA]-. There is some 
evidence for 3.13 being in equilibrium with Pt(I) species 3.14. This equilibrium is 
dependent on the properties of the diphosphine ligand. From the work detailed above, L2 
appears to stabilise the Pt(I) species 3.14 significantly more than L1. In the cases where 
3.13 is formed with L2 as the diphosphine, conversion to 3.14 is always seen over time. 
This is never observed when the diphosphine is L1. It was shown in Section 2.5.1 that 
3.14 can convert to 3.11 in the presence of hydrogen so it is plausible to suggest that 
some of 3.11 is being formed by this pathway. 
Scheme 3.16: Alternative pathways of dihydrogen activation for the [Pt(CO)(L)]/LA cooperative Lewis 
pair. (LA = Lewis Acid). 




More experimentation and computational studies should be carried out to confirm if these 
suggested pathways for dihydrogen activation are viable and to explore the mechanisms 
of how each species is formed.       
3.4 Synthesis of a Pd(0) Lewis Base 
After the success of using [Pt(CO)(L)] as a Lewis base in cooperative Lewis pair small 
molecule activation, it was of interest to extend this chemistry to palladium with the hope 
that the chemistry might be transformed into catalytic processes.  
The palladium analogue of the platinum Lewis base explored in Chapter 2 and 3, 
[Pd(CO)(L1)] has been reported previously. The palladium monocarbonyl complex was 
serendipitously isolated when investigating intermediates of the methoxycarbonylation 
of ethene to form methyl propionate.36,37 Bellabarba et al. showed that the expected 
carboalkoxide product [PdCl(C(O)OEt)(L1)], from the reaction of [PdCl2(L1)] with 
ethanol in the presence of CO and a base, did not form which was surprising in view of 
palladium carbonyl complexes being known to react with alkoxides.37,38 It was also 
reported that the molecular structure of [Pd(CO)(L1)] has a planar Pd centre with a 
similar bend in the L1 backbone seen for [Pt(CO)(L1)] and [Pt(CO)(L2)] (see Section 
2.3). No detailed experimental procedure was reported for the synthesis of [Pd(CO)(L1)] 
but fortunately NMR spectroscopic data was given. A proposed route to [Pd(CO)(L1)] 
from commercially available starting materials is shown in Scheme 3.17.36,37,39  
 
The first step in the proposed synthesis in Scheme 3.17 is combination of diphosphine 
L1 with [Pd2(dba)3] to form [Pd(dba)(L1)].
36 This species can then be oxidised to 
[PdCl2(L1)] using propionyl chloride in Et2O (reported to proceed in good yields).
39 
Scheme 3.17:  Proposed synthesis of [Pd(CO)(L1)] from commercially available [Pd2(dba)3]. 
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[PdCl2(L1)] can be reduced by EtOH in the presence of a base (NEt3 or NaOMe) and CO 
to form the desired complex [Pd(CO)(L1)].37 This proposed synthesis is lengthy and 
details of experimental procedures for each of these steps are poorly described. After the 
success of substitution of an alkene ligand to form [Pt(CO)(L1)] and [Pt(CO)(L2)] (see 
Section 2.3), attempts to make [Pd(CO)(L1)] directly from commercially available 
[Pd2(dba)3] (dba = trans,trans-dibenzylideneacetone) were made. 
 [Pd2(dba)3] and L1 were combined in toluene but after 16 h very little conversion of L1 
was seen by analysis of the in situ 31P{1H} NMR spectrum (Figure 3.17A). Heating the 
reaction mixture to 70 °C for 3 h resulted in the full conversion to [Pd(dba)(L1)] (Figure 
3.17B). The reaction mixture was treated with CO (1 bar) and resulted in almost 
quantitative conversion to [Pd(CO)(L1)] in situ (Figure 3.17C). This was confirmed by 
comparison to the literature data reported for [Pd(CO)(L1)].37 There was no evidence in 
the 31P{1H} NMR spectrum or the IR spectrum to suggest the formation of a dicarbonyl 
species (in contrast to the corresponding reaction with Pt, see Section 2.3.1). Removal of 
the CO atmosphere and solvent, and redissolving in toluene results in a minor amount of 
Figure 3.17: In situ 31P{1H} NMR spectra of A) [Pd2(dba)3] + L1 at room temp for 16 h; B) [Pd2(dba)3] 
+  L1 at 70 °C for 3 h; C) [Pd(dba)(L1)] under a CO atmosphere D) [Pd(dba)(L1)] + CO reaction 










[Pd(CO)(L1)] and with [Pd(dba)(L1)] as the major species in solution (Figure 3.17D). 
Several CO/vacuum cycles were repeated but even after 10 cycles, [Pd(dba)(L1)] was 
the major species in solution (> 80%). A possibility was to use the in situ formed 
[Pd(CO)(L1)] for combination with B(C6F5)3 for small molecule activation. 
[Pd(dba)(L1)] was treated with CO and the in situ formation of [Pd(CO)(L1)] was 
confirmed by 31P{1H} NMR spectroscopy. One equivalent of B(C6F5)3 was added to the 
reaction mixture and a colour change from orange to dark red was observed. Figure 3.17E 
shows the resulting 31P{1H} NMR spectrum. The two signals at δP = 65.0 and 46.6 ppm 
were confirmed to be from the same species by analysis of a 31P{1H} COSY NMR 
experiment. The 11B{1H} NMR spectrum showed complete conversion of B(C6F5)3 to a 
single species at δB = −2.4 ppm. It was thought that the product formed is a result of 
activation of either the alkene double bond or the carbonyl double bond in the residual 
dba in solution. [Pd(CO)(L1)] was eventually isolated (see below) and addition of one 
equivalent of B(C6F5)3 and one equivalent of dba in chlorobenzene led to full conversion 
to the same species seen in Figure 3.18E. Attempts to remove the dba from in situ formed 
[Pd(CO)(L1)] were unsuccessful. 
In an attempt to avoid having to oxidise a Pd(0) starting material to then reduce this to 
gain the final product, the complexation to a Pd(II) starting material was attempted. 
Ligand L1 was combined with either [PdCl2(COD)] or [PdCl2(PhCN)2] in 
dichloromethane at room temperature. After 1 h, a bright yellow suspension was formed 
when using either starting material. This yellow solid was isolated but was insoluble in 
all of the common organic solvents available (for example DCM, Et2O, THF, PhCl, PhF, 
MeCN, benzene and hexane). It is proposed that the resultant diphosphine palladium 
complex is oligomeric. The material obtained was used in an attempt to form 
[Pd(CO)(L1)] from reaction with EtOH and NEt3 under a CO atmosphere but this was 
unsuccessful. 
The original synthetic route detailed in Scheme 3.17 was attempted but purification of 
[Pd(dba)(L1)] away from excess dba proved to be problematic. The direct synthesis of 
[PdCl2(L1)] from combination [Pd(dba)2] and L1 in THF with the addition of HCl has 
been reported (Scheme 3.18).40 This synthesis of [PdCl2(L1)] worked well and gave the 
desired product in good yield although required longer reaction times than the 2-step 
route detailed above (Scheme 3.17). 
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No detailed experimental procedure was reported for the conversion of [PdCl2(L1)] to 
[Pd(CO)(L1)]. Both NEt3 and NaOMe were tested under the reaction conditions reported 
by Bellabarba et al.37 but NEt3 as the base in the reaction gave the best results. 
[Pd(CO)(L1)] precipitated out of the reaction mixture as a yellow solid in pure form but 
in relatively low yield (ca. 50%). Attempts to isolate more product from the resultant 
filtrate lead to decomposition. [Pd(CO)(L1)] was found to be stable as a solid at room 
temperature when kept under an Ar atmosphere but when in solution [Pd(CO)(L1)] 
would degrade over time unless kept in a CO atmosphere. The analogous procedure for 
L2 was tested and proved to be successful in the formation of [Pd(CO)(L2)] which 
displayed a signal in the 31P{1H} NMR spectrum at δP = 197.2 ppm. Unfortunately, the 
quantity and purity of material synthesised was insufficient to carry out further 
analysis/testing for small molecule activation; further work should be carried out on this 
system.  
[Pd(CO)(L1)] and B(C6F5)3 were combined in chlorobenzene at room temperature to 
form an orange solution. No significant change in chemical shift was observed in the 
31P{1H} or 11B{1H} NMR spectra but slight broadening of the 31P{1H} NMR signal was 
seen (w1/2 = 55 Hz). [Pd(CO)(L1)]/B(C6F5)3 was treated with H2 (1 bar) and a colour 
change from orange to yellow was observed over 6 h. Analysis of the 31P{1H} NMR 
spectrum showed quantitative conversion to a new species at δP = 42.0 ppm which 
appeared as a singlet (Figure 3.18B). This signal corresponds to a quintet observed in the 
hydride region of the 1H NMR spectrum (δH = −9.96 ppm, 
2JHP = 43 Hz, Figure 3.18A). 
This species is tentatively assigned, from NMR spectroscopic data, as Pd(I) species 3.15 
(Scheme 3.19). The presence of 3.15 was seen in positive ion ESI-MS analysis of the 
reaction mixture. Similar Pd(I) analogues have been synthesised with different 
diphosphine ligands by the reduction of Pd(II) diphosphine complexes with alcoholic 
solvents in the presence of a base.41–45 The 11B{1H} NMR spectrum showed a sharp 
signal at δB = −16.2 ppm and a broad signal at δB = −2.8 ppm and collectively with the 
Scheme 3.18: Synthesis of [Pd(CO)(L1)]. 




observation of a broad singlet at δH = 10.80 ppm in the 
1H NMR spectrum, the anion was 
confirmed to be 2.10 (Figure 3.18A/C, Scheme 3.19). No further reactivity was observed 
when leaving the reaction overnight.   
[Pd(CO)(L1)]/B(C6F5)3 was treated with ethene (1 bar) in chlorobenzene at room 
temperature which resulted in a colour change from orange to yellow after 16 h. The 
resulting NMR spectra were broad and it was not clear what the final activation products 
were but full conversion of both [Pd(CO)(L1)] and B(C6F5)3 was observed. This reaction 
should be further investigated.   
Figure 3.18: A) 1H NMR, B) 31P{1H} NMR and C) 11B{1H} NMR spectra of the in situ reaction of 
[Pd(CO)(L1)]/B(C6F5)3 with H2 at room temperature after 6 h. 
Scheme 3.19: Reaction of [Pd(CO)(L1)]/B(C6F5)3 with H2 in chlorobenzene at room temperature. 
A 
B C 
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3.5 Incorporating Functionality into the Diphosphine 
Backbone   
The work described in Chapter 4 concerns the use of pendant amine ligands for 
cooperative activation of dihydrogen.§ The pendant amine and the metal centre are 
reminiscent of the Lewis base and the Lewis acid of a cooperative Lewis pair. The Pt(0)/B 
chemistry developed in Chapters 2 and 3 employs the transition metal as the Lewis base 
in cooperative Pt(0)/B small molecule activation and so incorporation of a pendant amine 
could lead to competition. The pendant amine could also be envisaged as a potential 
linker for attachment to a solid support for application in heterogeneous catalysis or 
synthesis of dendrimeric catalysts analogous to those that have been previously 
reported.46–48  
The synthesis of the pendant amine ligand is a one-pot reaction of a secondary phosphine, 
formaldehyde and a primary amine (see Section 4.2, Scheme 4.2). From the work 
described in Section 3.2, the optimal phosphine substituent for stabilisation of a platinum 
monocarbonyl complex is di-tert-butyl groups. PtBuNBnPtBu was obtained in good yields 
and > 95% purity as a colourless oil by the route shown in Scheme 3.20. This ligand has 
been previously synthesised via the bis-hydroxymethyl phosphonium chloride salt (See 
Section 4.2, Scheme 4.1).49   
 
[Pt(nbe)3] and P
tBuNBnPtBu were combined in toluene at −78 °C and formed a pale yellow 
solution once the mixture was warmed to room temperature. After 16 h, 31P{1H} NMR 
spectroscopy confirmed quantitative conversion to one Pt species which was assigned to 
be [Pt(nbe)(PtBuNBnPtBu)] (δP = 46.1 ppm, 
1JPPt = 3169 Hz). In a Youngs NMR tube, the 
reaction mixture was subjected to CO (1 bar). A slow colour change to pale orange was 
seen over 48 h. Analysis of the 31P{1H} NMR spectrum showed the presence of a broad 
signal at δP = 29.6 ppm (
1JPPt = 3017 Hz, w1/2 = 48 Hz, Figure 3.19A) and the sharp signal 
                                                 
§ See Section 4.1 and 4.2 for an introduction to the use of pendant amine ligands, the common notation 
used for pendant amine ligands and the optimisation of a synthetic route to a series of pendant amine 
ligands. 
Scheme 3.20: Synthesis of PtBuNBnPtBu. 




for [Pt(nbe)(PtBuNBnPtBu)]. The low temperature NMR studies on this sample showed the 
signal to sharpen at −80 °C to a singlet at δP = 26.4 ppm (
1JPPt = 2965 Hz, Figure 3.19B) 
and was assigned to the dicarbonyl species [Pt(CO)2(P
tBuNBnPtBu)]. IR studies or 
repeating the reaction with 13CO would be needed to confirm the identity of this species. 
Also, at low temperature, it is apparent that the amount of [Pt(nbe)(PtBuNBnPtBu)] is 
negligible so almost full conversion to [Pt(CO)2(P
tBuNBnPtBu)] is achieved. Removal of 
the CO atmosphere and the solvent followed by redissolution in toluene led to the partial 
formation of a new species at δP = 63.7 ppm (
1JPPt = 3435 Hz, Figure 3.19C). Two 
subsequent CO/vacuum cycles led to full conversion to this species which was assigned 
to the monocarbonyl complex [Pt(CO)(PtBuNBnPtBu)] (Figure 3.19D). The product was 
isolated as an orange solid.  
[Pt(CO)(PtBuNBnPtBu)]/B(C6F5)3 was subjected to H2 (1 bar) in chlorobenzene at room 
temperature in a Youngs NMR tube. There was an immediate colour change from bright 
orange to yellow. Analysis of the 1H, 31P{1H} and 11B{1H} NMR spectra and the ESI-
mass spectrum confirmed the activation products to be the cationic species 3.16 and 3.17 
and anionic species 2.7 and 2.8 (Scheme 3.21).    
The composition of the reaction mixture does not change over time. Interestingly, there 
is no evidence for the formation of the corresponding trihydride species (See Section 
2.5.1). The nitrogen of the pendant amine backbone does not appear to play a part in the 
activation at all with no evidence of protonation at the nitrogen by analysis of the 1H 
Figure 3.19: 31P{1H} NMR spectrum of A) [Pt(nbe)(PtBuNBnPtBu)] under a CO atmosphere at room 
temperature after 48 h; B) [Pt(nbe)(PtBuNBnPtBu)] under a CO atmosphere at −80 °C after 48; C) Reaction 





Chapter 3: Modifications to the  Pt(0)/B(C6F5)3 Lewis Pair System 
 
 105   
 
NMR spectrum. A wider scope of activation chemistry is needed to investigate whether 
the nitrogen can participate in the reactions.  
3.6 Conclusions and Future Work 
A series of diphosphine ligands have been synthesised based on the xylenyl ligand L1. 
The changes to the ligand altered both the sterics and the electronics at the phosphine 
donors. L3 was synthesised by the route developed in Section 2.2 for L2, and L4 and L5 
were successfully prepared from modified literature procedures.1,2 All three ligands 
reacted with [Pt(nbe)3] to form the mononorbornene species [Pt(nbe)(L)] (where L = L3, 
L4 or L5). Under a CO atmosphere the quantitaive formation of [Pt(CO)2(L)] was 
observed by in situ NMR spectroscopy. The monocarbonyl complexes [Pt(CO)(L)] were 
never observed due to the quantitative reformation of [Pt(nbe)(L)] upon removal of the 
CO atmosphere and solvent. Even after several CO/vacuum cycles there was no evidence 
of the production of [Pt(CO)(L)]. Ligands L3, L4 and L5 evidently do not possess the 
necessary stereoelectronic properties to stabilise the desired platinum monocarbonyl 
complex [Pt(CO)(L)] with respect to [Pt(nbe)(L)].  
A new, more efficient route to ligand L6 was described in Section 3.2.4. A complex 
31P{1H} NMR spectrum was obtained for [Pt(nbe)(L6)]. This was attributed to not only 
rac and meso diastereoisomers of the complex formed from rac/meso-L6 but also the 
fluxionality caused by chelate ring inversion and rotation around the Pt-nbe bond. This 
fluxionality was also apparent in the 31P{1H} NMR spectrum of [Pt(CO)(L6)]. The 
[Pt(CO)(L6)]/B(C6F5)3 cooperative Lewis pair successfully activated dihydrogen in a 
very similar manner to [Pt(CO)(L2)]/B(C6F5)3. Further work on this system should focus 
on separation of the diastereoisomers of L6, ideally isolating the symmetrical meso 
isomer for ease of analysis. This would then reduce the complexity of the NMR spectra 
Scheme 3.21: Reaction of [Pt(CO)(PtBuNBnPtBu)]/B(C6F5)3 with H2 after 15 min. 




obtained for not only the starting materials but also the activation products. A screen of 
other small molecule activations should also be carried out. 
The steric properties of the PCg group in L6 are very similar to that of PtBu2 group. It 
appears from the results presented in this Chapter that it is necessary to have sufficient 
steric bulk around the metal centre in order to stabilise the formation of a platinum 
monocarbonyl complex. The electronics do appear to have an impact on the formation of 
[Pt(CO)(L)], as evidenced by the increase in CO/vacuum cycles needed when using the 
more electron-withdrawing ligands L2 and L6 in comparison to L1. Overall, there needs 
to be a balance of the stereoelectronic properties of the diphosphine ligand to enable 
efficient synthesis and desired activation chemistry.  
Ligand L8 was synthesised as an unsymmetrical analogue of L2 in the hope of being able 
to elucidate the mechanism of activation of the small molecules tested. Distinct signals 
were observed in the 31P{1H} NMR spectrum for the individual phosphorus atoms in the 
structure of L8. In the Pt(II) complex [PtCl2(L8)], the coupling between the two 
phosphorus atoms were well resolved in the 31P{1H} NMR spectrum. This desired 
resolution between the inequivalent phosphorus donors will hopefully be able to give 
more experimental information about what occurs at the platinum centre during small 
molecule activation. A preliminary investigation into the formation of [Pt(CO)(L8)] was 
made and the in situ formation of the anticipated complex was observed. Work should 
focus on isolating [Pt(CO)(L8)] in order to test it in the cooperative Lewis pair 
[Pt(CO)(L8)]/B(C6F5)3 for small molecule activation.      
In Section 3.3, the scope of Lewis acids in the cooperative Lewis pair was explored. 
Triphenylborane, triphenylborate, [Zr(Cp*2)(OMes)][B(C6F5)4] and AlCl3 were tested 
for small molecule activation with [Pt(CO)(L)] (L = L1 or L2). In all cases the formation 
of cis-dihydride [Pt(H)2(L)] was observed and proposed to be an intermediate to the 
formation of binuclear platinum species [(L)Pt(μ-H)3Pt(L)]
+ (with the exception of AlCl3 
where a small amount of [Pt(H)(CO(L)] was observed). The counterion to this species 
varied in each case depending on the Lewis acid used. The formation of [(L)Pt(μ-
H)3Pt(L)]
+ is reliant on the presence of the Lewis acid in the system as when [Pt(CO)(L)] 
is subjected to H2, only [Pt(H)2(L)] is observed in less than 40% conversion over 1 week. 
Although this was not the activation product expected, there is cooperative behaviour 
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between the Lewis base and the Lewis acid occurring in order to produce [(L)Pt(μ-
H)3Pt(L)]
+ as an activation product.  
None of the Lewis acids detailed above displayed any activation chemistry of ethene. 
The only reactivity observed was the quantitative conversion of [Pt(CO)(L)] to 
[Pt(C2H4)(L)] which did not display any interaction with the Lewis acids.  
When using an analogue of B(C6F5)3 which is devoid of ortho-substitution, the activation 
chemistry differed to the other Lewis acids used. For the reaction of 
[Pt(CO)(L1)]/B(C2H2F3)3 with H2, cationic species 2.9 and 2.11  were both formed after 
8 h with no evidence of cation 2.10. On the other hand, the reaction of 
[Pt(CO)(L2)]/B(C2H2F3)3 with H2 led to the immediate formation of 2.6 exclusively. No 
reaction was seen with ethene for either system. Most interestingly 
[Pt(CO)(L1)]/B(C2H2F3)3 displayed no reactivity towards phenylacetylene but 
[Pt(CO)(L2)]/B(C2H2F3)3 appeared to show addition to the alkyne triple bond. Further 
analysis should be carried out to confirm the identity of the activation product. It would 
be of interest to test the use of BArF3 as the Lewis acid as this is also devoid of ortho-
substitution and its Lewis acidity is comparable to B(C6F5)3.
50    
A new proposal for pathways of dihydrogen activation is shown in Scheme 3.16. There 
are several experiments which could be carried out to test the validity of these pathways. 
[Pt(H)2(L)] should be synthesised independently and then combined with a Lewis acid 
to investigate if this is an intermediate to the formation of [(L)Pt(μ-H)3Pt(L)]
+. Shaw et 
al. has reported experimental details on the formation of [Pt(H)2(L1)],
51 but, 
unfortunately, isolation of the product proved problematic when this was attempted.  
There is some evidence that an equilibrium exists between 3.13 and 3.14, where L1 
favours 3.13 and L2 favours 3.14. Cation 2.9, can be formed exclusively by reaction of 
[Pt(CO)(L1)] with [H(OEt2)][B(C6F5)4].
5,6 When similar chemistry was attempted with 
[Pt(CO)(L2)], the formation of both cationic species 2.4 and 2.5 was observed. This 
indicates that 3.14 can actually be formed from 3.13 which challenges the pathway of 
dihydrogen activation for [Pt(CO)(L)]/B(C6F5)3 proposed in Section 2.5.1. 
Computational studies on both proposed pathways could help elucidate what was 
happening in solution.  




It appears that in dihydrogen activation there is more than one activation pathway at 
work. To what extent each pathway is followed apparently relies on a very fine balance 
of sterics and electronics of both the Lewis acid and the Lewis base centres. There is no 
clear reactivity pattern for the Lewis acids from the selection tested but there is a 
fascinating observation for the Lewis bases. The use of the more electron withdrawing 
diphosphine L2 promotes the rate of activation chemistry in all cases. This is proposed 
to be because L2 creates a more δ+ charge on the platinum centre in comparison to L1 
which favours the initial binding of the small molecule anticipated to occur before the 
cooperative Lewis pair activation.  
The parallel system with palladium, [Pd(CO)(L1)], was synthesised from commercially 
available [Pd2(dba)3] in three steps in reasonable yield. The [Pd(CO)(L1)]/B(C6F5)3 
system successfully activated dihydrogen to form cation pair 3.15/2.6 exclusively. Initial 
work on making the phosphinite derivative [Pd(CO)(L2)] looks promising. It would be 
of interest to compare the reactivity of the two systems and how it differs from the 
original Pt(0) Lewis base.    
This system may not be limited to the use of group 10 metals. It can be envisaged that an 
isoelectronic analogue could be synthesised and tested, for example [AuI(CO)(L)] or  
[Ir-1(CO)(L)] which, in theory, should be able to undergo similar 2e- redox processes that 
the Pt system has demonstrated to form the activation products.  
The use of [Pt(CO)(PtBuNBnPtBu)] in a cooperative Lewis pair was successful in 
dihydrogen activation and the pendant amine did not interfere with the activation 
chemistry. This provides a plethora of possibilities of having the Lewis base covalently 
linked to another network. For example, it could be used for attachment to a solid support 
for use in a heterogenous cooperative Lewis pair system, an area which has recently been 
reviewed by Qu et al.52 
Overall, the modifications to the original [Pt(CO)(L)]/B(C6F5)3 cooperative Lewis pair 
system has provided many possibilities to explore and expand this chemistry and find 
interesting and new activation products and potentially lead to catalysis.  
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Chapter 4  
Pendant Amine Diphosphine Ligands 
for Intramolecular Cooperativity 
4.1 Introduction 
The incorporation of transition metals into cooperative Lewis pairs has proven effective 
in small molecule activation and catalysis. A potential disadvantage of the work 
described in Chapter 2 and 3 in terms of its technological adoption is that the expensive 
transition metals platinum and palladium were used. Progression towards the application 
of cheaper and more earth-abundant transition metals in cooperative Lewis pairs is an 
exciting prospect. 
The global output of electrical energy generated from renewable resources such as solar 
and wind, has increased drastically but these renewable energy resources are available 
only intermittently. Finding a means to store and release this energy efficiently and cost-
effectively is of great importance. Electrical energy derived from renewable energy 
resources can be converted into chemical energy stored in the form of reactive chemical 
bonds. A fuel cell converts chemical energy from fuel into electrical energy by an 
electrochemical reaction of hydrogen with an oxidising agent, commonly oxygen.1 
Currently, the typical catalysts used in fuel cells are based on platinum, an expensive and 
low earth-abundant metal.  
In nature, iron- and nickel-containing hydrogenase enzymes contain an active site where 
an amine base is positioned near the metal to assist in the heterolytic cleavage of H2 
(Figure 4.1A).2–5 Bio-inspired diphosphine ligands containing one or two pendant amines 
in the backbone have been successfully utilised in the electrocatalytic oxidation of 
dihydrogen using earth-abundant metals (Figure 4.1B-D).6–8 Over the past decade, 
research in the DuBois and Bullock research groups has focussed on the use of the bio-
inspired pendant amine ligands coordinated to earth abundant metals, such as Fe, Ni, Co 
and Mn, for use in electrochemical energy interconversion.7–21 The ligands with one 
pendant amine will be referred to as PNP ligands and P2N2 ligands if discussing the cyclic 




diphosphine containing two pendant amines. A more detailed outline of the 
electrocatalytic pathway for the oxidation of H2 is given in Section 4.7.  
These pendant amine complexes often readily bind dihydrogen and many exhibit rapid, 
reversible heterolytic cleavage of H2.
22–24 For example, the manganese complex in Figure 
4.1C heterolytically cleaves H2 to form a manganese hydride and a protonated amine. 
The Mn-H and N-H were shown to exchange via an Mn(η2-H2)
+ complex at an overall 
exchange rate estimated to be > 107 s-1 at 25 °C. This is comparable to rates of H2 catalysis 
in [FeFe] hydrogenases2 and some of the synthetic mimics recorded which replicate this 
enzyme function.25    
As metal-based FLP chemistry has developed, the topic is now more broadly linked to 
the area of metal-ligand cooperation,26,27 which has been recently reviewed in the context 
of H2 heterolytic cleavage by Chambers and Bullock.
28 Metal-ligand cooperation in 
homogenous catalysis has become more common. Ligands systems, rather than just 
simply spectating, are involved directly with the bond activation process making a 
reaction more facile than if it were solely occurring at the metal centre. As mentioned 
above, this bifunctional catalysis has been known to exist in nature, particularly in 
Figure 4.1: (A) Example of the active site of an iron-only hydrogenase enzyme; (B-D) examples of 
electrocatalysts for hydrogen oxidation. 
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hydrogenase enzymes.29 Metal-ligand cooperation has been extensively reported and 
reviewed in the application of hydrogenation reactions and C-H activation.29–38  
In these PNP-metal complexes the cooperation is between the metal centre and the 
pendant amine nitrogen. In the context of FLPs the metal centre, in the appropriate 
oxidation state, would be the Lewis acid and the amine would be the Lewis base. The 
steric and electronic control at both centres are easily altered by modification of the PNP 
ligand system itself, as well as other spectator ligands on the metal centre.   
4.1.1 Aims and Objectives 
The aim of the work presented in this Chapter was to bring together the chemistry 
described in Chapter 2 and 3, together with the bio-inspired ligand systems described 
above, for further development. The earth-abundant metal complexes containing pendant 
amine ligands would be ideal candidates for intramolecular transition metal cooperative 
Lewis pairs, where the metal centre would act as the Lewis acid and the pendant amine 
as the Lewis base. The pendant amine diphosphine ligands may also control the 
stereoelectronic properties of the systems, with the hope of success in catalysis.  
Synthetic routes to unusual phosphine ligands derived from PH3 have been developed in 
the Pringle group previously. These interesting phosphine groups were investigated in 
this work in anticipation of this leading to improvements in the systems already 
developed by Bullock and DuBois et al. Thus, the aims of the work presented in this 
Chapter were as follows: 
• Synthesise novel pendant amine ligands containing unusual phosphorus 
substituents 
• Synthesise analogues of manganese complexes previously used for hydrogen 
oxidation electrocatalysis 
• Test these novel complexes for their suitability in electrocatalysis and explore 
other small molecule activation chemistry 
4.2 Synthesis of Novel Pendant Amine Ligands 
For the remainder of this chapter the pedant amine ligands will be given the notation 
PR’NRPR’, where R = amine substituent and R’ = phosphine substituent and the general 
formula of the ligand is (R’)PCH2N(R)CH2P(R’).  




The stereoelectronic properties of the PNP ligands used in hydrogen electrocatalysis have 
been studied by Bullock in order to rationally design ligands which will be capable of H2 
cleavage.13 It was found that more basic centres were more suitable for the oxidation of 
H2. More interestingly, the steric bulk of the phosphine substituents influenced the 
hydride affinity of the metal centre. It was shown that larger substituents on the 
phosphine resulted in distortion of the geometry at the metal centre, lowering the energy 
of the LUMO and increasing the hydride acceptor ability.9  
Bicyclic phosphine 9-phosphabicyclononane (s-PhobPH)39 and tricyclic phosphine 
1,3,5,7-tetramethyl-2,4,8-trioxa-6-phospha-adamantane cage (CgPH)40 are unique in 
terms of their stereoelectronic properties and their facile synthesis from PH3 (Figure 4.2). 
PhobPH is formed from the reaction of PH3 and 1,5-cyclooctadiene which yields both 
the symmetric and asymmetric isomers. Methods for their separation have been 
developed previously in the Pringle group39 and only s-PhobPH was used in the studies 
detailed in this chapter. CgPH is formed as a racemic mixture (α and β enantiomers 
shown in Figure 4.2) from the high-yielding reaction of PH3 with acetylacetone. The use 
of the racemic mixture of CgPH produces diastereomeric products, a complication that 
will be discussed in further detail below.    
The novel PNP ligands explored in this Chapter were initially prepared by the 
unoptimised reaction shown in Scheme 4.1. The synthesis of the PNP ligands in this 
manner is via the bis(hydroxymethyl)phosphonium chloride salt formed by the reaction 
of the secondary phosphine and formaldehyde in the presence of HCl (first step of 
Scheme 4.1). Subsequent reaction of this salt with a primary amine in the presence of 
Scheme 4.1: General scheme for the formation of PNP ligands via bis(hydroxymethyl)phosphonium 
chloride salts. 
Figure 4.2: Structures of the bicyclic and tricyclic secondary phosphines s-PhobPH and CgPH (α/β 
enantiomers). 
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triethylamine yielded the desired PNP ligand. The bis(hydroxymethyl)phosphonium 
chloride salts of s-PhobPH and CgPH have been synthesised previously by Pringle,41 and 
others.42–45 This route has also been employed by Gade et al. to form various PiPrNRPiPr 
ligands for nickel catalysed C-H arylation where the varying stereoelectronic properties 
of the amine substituent allowed for isolation of catalytic intermediates.46   
An advantage of the method detailed in Scheme 4.1 is that the intermediate salt is air- 
and moisture-stable. Both secondary phosphines are moisture-stable but s-PhobPH is air-
sensitive; therefore, synthesising the PNP ligands via the bis-hydroxymethyl 
phosphonium salt allows for much easier handling of the starting materials to synthesise 
a library of PNP ligands. A second advantage of the formation of an isolable intermediate 
compound which can serve as a common intermediate in the preparation of a wide range 
of PNP ligands, synthesised by derivatisation of this intermediate with a range of primary 
amines (second step of Scheme 4.1).  
The synthesis shown in Scheme 4.1 via the bishydroxymethyl phosphonium salt suffered 
from poor yields (< 30%) and the final desired product required isolation from the 
triethylammonium salts formed in the second step. It was found that the PNP ligands 
could be synthesised in high purity and yield by an alternative approach, consisting of a 
P-based Mannich type reaction of the secondary phosphine, paraformaldehyde and 
primary amine in MeOH (Scheme 4.2). This route is reported in the literature for 
analogous compounds.10,47–51 Advantageously, the pure product was obtained either by 
spontaneous precipitation from the crude reaction mixture or upon reducing the volume  
of the solution resulting in product precipitation. Concentration of the resultant filtrate 
yielded a white solid which was found to comprise product as the major species alongside 
impurities which could be removed by extraction with ice-cold MeOH. In some cases, 
ligands with the s-PhobP group required recrystallisation from MeOH at −20 °C to obtain 
the product in sufficient purity (> 98%). Yields and 31P{1H} NMR chemical shifts of the 
products are shown in Table 4.1.   




Table 4.1: Yields and 31P{1H} NMR chemical shifts for PNRP ligands synthesised. 
a 31P{1H} NMR spectrum recorded in CDCl3 
For the PCgNRPCg (R = Me, iPr and Bn) ligands, two singlets were observed in the 
31P{1H} 
NMR spectra, consistent with the formation of rac and meso diastereomers resulting from 
the use of a racemic mixture of the CgPH phosphine. The diastereoisomers displayed 
minor differences in solubility in MeOH solvent. Different ratios of the diastereomers 
were observed between the precipitated product and the product obtained from the 
filtrate. Previously, this has been exploited to gain pure (> 95%) samples of the rac and 
meso isomers of CgP(CH2)3PCg by addition of MeOH to a DCM solution of the mixture 
to precipitate the rac isomer.52 Attempts to apply this purification method were 
unsuccessful, and only diastereomer purities of ca. 70% were obtained. Due to the failed 
attempts at obtaining pure samples of each diastereoisomer it was decided to carry the 
ligand forward as a mixture of rac and meso isomers.   
4.2.1 Coordination Studies to Pt(II) 
Addition of PPhobNRPPhob (R = Me, iPr, Bn) to [PtCl2(COD)] yielded the corresponding 
dichloroplatinum(II) complex 4.1 (Scheme 4.3). Slow diffusion of hexane into a 
saturated solution of [PtCl2(P
PhobNiPrPPhob)] in CH2Cl2 gave crystals suitable for  
X-ray crystallography (Figure 4.3). The PPhobNMePPhob ligand coordinates in a bidentate 
fashion through the two phosphines; the nitrogen is non-coordinating. The 6-membered 
metallacycle sits in the more stable chair conformation, which is expected for this series 
of ligands9.      
 
R Yield (%) 31P{1H} δ (ppm)a 
s-PhobP Me 93 −45.3 
 iPr 74 −43.9 
 Bn 85 −47.9 
CgP Me 83 −41.8, −42.6 
 iPr 71 −40.9, −41.2 
 Bn 87 −41.9, −42.2 
Scheme 4.2: General scheme for the formation of PNP ligands directly from the secondary phosphine. 
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Addition of PCgNRPCg to [PtCl2(COD)] led to the formation of the corresponding 
[PtCl2(P
CgNRPCg)] complexes as sparingly soluble white solids. Alternatively, the more 
soluble methyl derivatives 4.2 were readily prepared from [PtMe2(COD)] (Scheme 4.4). 
The meso isomer of [PtMe2(P
CgNiPrPCg)] and the rac isomers of [PtMe2(P
CgNMePCg)] and 
Scheme 4.4: Formation of dichloroplatinum(II) complex 4.1. 
Figure 4.3: Crystal structure of [PtCl2(PPhobNiPrPPhob)]. Thermal ellipsoids at 50%. Co-crystallised 
CH2Cl2 and hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Pt1-P1 
2.2406(7); Pt1-P2 2.2468(6); Pt1-Cl1 2.3584(6); Pt1-Cl2 2.663(6); P1-Pt1-P2 89.16(2); P1-Pt1-Cl1 
94.78(2); P2-Pt1-Cl2 91.24(2); Cl1-Pt1-Cl2 84.29(2). 
 
Scheme 4.3: Formation of dichloroplatinum(II) complex 4.2 





CgNBnPCg)] were crystallised by slow evaporation of a CH2Cl2/hexane mixture 
of the platinum(II) complex (Figure 4.4, 4.5 and 4.6 respectively).  
 
 
Figure 4.4: Crystal structure of meso-[PtMe2(PCgNiPrPCg)]. Thermal ellipsoids at 50%. Hydrogen atoms 
omitted for clarity. Selected bond lengths (Å) and angles (°): Pt1-P1 2.2781(6); Pt1-P2 2.2994(5); Pt1-C1 
2.098(2); Pt1-C2 2.097(2); P1-Pt1-P2 93.98(2), P1-Pt-C1 91.98(7); P2-Pt1-C2 93.70(7); C1-Pt1-C2 
81.24(9). 
Figure 4.5: Crystal structure of rac-[PtMe2(PCgNMePCg)]. Thermal ellipsoids at 50%. Hydrogen atoms 
omitted for clarity. Selected bond lengths (Å) and angles (°): Pt1-P1 2.2854(6); Pt1-P2 2.2691(6); Pt1-C1 
2.114(2); Pt1-C2 2.094(2); P1-Pt1-P2 93.10(2), P1-Pt-C1 94.67(6); P2-Pt1-C2 93.32(7); C1-Pt1-C2 
80.77(9). 
 
Figure 4.6: Crystal structure of rac-[PtMe2(PCgNBnPCg)]. Thermal ellipsoids at 50%. Hydrogen atoms 
omitted for clarity. Selected bond lengths (Å) and angles (°): Pt1-P1 2.2956(6); Pt1-P2 2.2868(6); Pt1-C1 
2.112(2); Pt1-C2 2.111(2); P1-Pt1-P2 93.10(2), P1-Pt-C1 93.12(7); P2-Pt1-C2 92.16(7); C1-Pt1-C2 
80.25(9). 
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A difference in the rate of complexation between the rac and meso isomers was observed 
for the complexation of PCgNRPCg to [PtMe2(COD)]. After 3 h, complete complexation 
of one isomer was seen with total consumption of [PtMe2(COD)] observed after 16 h. 
Due to excess ligand being used, this led to an enrichment of either rac-4.2 or meso-4.2, 
as determined by 31P{1H} NMR spectroscopy (Figure 4.7). For [PtMe2(P
CgNMePCg)] and 
[PtMe2(P
CgNBnPCg)], it was not possible to confidently assign 31P{1H} NMR chemical 
shifts of the rac and meso diastereoisomers. Assignment of rac-[PtMe2(P
CgNiPrPCg)] and 
meso-[PtMe2(P
CgNiPrPCg)] was possible due to the methyl groups of the iso-propyl 
substituent being diastereotopic for the rac isomer of the ligand and appearing as two 
doublets in the 1H NMR spectrum. In the meso-isomer where the methyl groups are 
equivalent just one doublet is observed in the 1H NMR spectrum. This analysis of the 
NMR spectra allowed the unambiguous assignment of the major isomer at δP = −15.0 
ppm to rac-[PtMe2(P
CgNiPrPCg)] and the minor isomer at δP = −18.0 ppm to meso-
[PtMe2(P
CgNiPrPCg)].  
The difference in rate of complexation to platinum(II) is seen across the series of the 
PCgNRPCg ligands. This could provide a method of separation of the rac and meso isomers 
of the ligand if necessary in future work.  
4.3 Formation of Pendant Amine Manganese Complexes 
Bullock et al. have demonstrated the use of manganese complexes, with either PNP or 
P2N2 ligands, for the electrocatalytic oxidation of dihydrogen.
6,53 The most successful 
manganese complex reported to date bears a P2N2 ligand which has the inherent feature 
of positioning the nitrogen close to the metal centre to impart reactivity (Figure 4.1C).6,22 
Although for both of the six-membered metallocycles the chair conformation is 
Figure 4.7: 31P{1H} NMR spectrum of [PtMe2(PCgNiPrPCg)] as a mixture of rac (δP = −15.0 ppm) and 
meso (δP = −18.0 ppm) isomers. 




thermodynamically favourable, this is sterically unfavoured. One ring is forced into a 
boat conformation which is then positioned next to the metal centre. The exception to 
this common conformation is when the ligand is protonated after activation of 
dihydrogen, causing the ligand to sit in an ‘exo-pinch’ conformation where the two 
amines are bridged by a proton.6,54 The cyclic phosphine groups s-PhobP and CgP can 
only be used to form the PNP ligand so the analogue of [Mn(PPhNMePPh)(bppm)(CO)]+ 
(bppm = bis(bis(3,5-bis(trifluoromethyl)phenyl)phosphino)methane) was the target 
compound for comparison as this has shown rapid cleavage of dihydrogen and is an 
active electrocatalyst for the oxidation of dihydrogen.6   
The attempted synthesis of the target Mn(I) complexes followed the general pathway 
shown in Scheme 4.5. The first step involves complexation of the PR’NRPR’ ligand to 
[Mn(CO)5Br] by displacement of two carbonyl ligands to generate fac-isomer 4.3. To 
coordinate the second diphosphine (dppm (= bis(diphenylphosphino)methane) or bppm), 
it has been shown that UV irradiation is necessary to displace another two carbonyl 
ligands to generate trans complex 4.4. Abstraction of the bromide ligand with NaBArF4 
(BArF4 = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) should lead to the desired 
cationic complex 4.5. The bond between the pendant amine nitrogen and the manganese 
centre is drawn in tentatively, as it is not known that this κ3 binding in solution will occur, 
although for analogous complexes there is strong evidence for some interaction between 
the two centres.53  
Scheme 4.5: Proposed route to the synthesis of 4.5. 
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The series of tricarbonyl bromide complexes [Mn(PPhobNRPPhob)(CO)3Br] (R = Me, iPr, 
Bn) were synthesised by heating a suspension of PPhobNRPPhob and [Mn(CO)5Br] in 
benzene at 50 °C. Analysis of the in situ 31P{1H} NMR spectrum showed complete 
complexation after two hours, and [Mn(PPhobNRPPhob)(CO)3Br] complexes were isolated 
as yellow solids in good yields. Each of the complexes exhibited a broad singlet (w1/2 = 
ca. 72 Hz) in the 31P{1H} NMR spectrum indicating the formation of a single isomer 
(Figure 4.8A). The two possible isomers of [Mn(PPhobNRPPhob)(CO)3Br] are the fac and 
mer isomers with respect to the carbonyl ligands. If the mer isomer had formed there 
would be two signals in the 31P{1H} NMR spectrum due to the phosphines being 
inequivalent. Analysis by IR spectroscopy confirmed the presence of the fac isomer in 
solution for [Mn(PPhobNRPPhob)(CO)3Br] and the molecular structure of fac-
[Mn(PPhobNiPrPPhob)(CO)3Br] is shown in Figure 4.8B. The 6-membered ring formed with 
the PNP ligand is shown to adopt the thermodynamically favoured chair conformation 
(Figure 4.8).  The line broadening observed in the 31P{1H} NMR spectrum is a 
consequence of the phosphorus atoms being directly coordinated to a 55Mn nucleus which 
is quadrupolar (I = 5/2, 100% abundance).  
 
A B 
Figure 4.8: A) 31P{1H} NMR spectrum of [Mn(PPhobNiPrPPhob)(CO)3Br]. B) Crystal structure of 
[Mn(PPhobNiPrPPhob)(CO)3Br]. Thermal ellipsoids at 50%. Hydrogen atoms omitted for clarity. Selected 
bond lengths (Å) and angles (°): Mn1-P1 2.3707(7), Mn1-P2 2.3619(7); Mn1-C22 1.826(3); Mn1-C23 
1.820(3); Mn1-C24 1.785(3); Mn1-Br1 2.5197(5); P1-Mn1-P2 96.32(3); Br1-Mn1-C24 170.15(8). 




The series of tricarbonyl bromide complexes [Mn(PCgNRPCg)(CO)3Br] (R = Me, iPr, Bn) 
were synthesised by heating a suspension of PCgNRPCg and [Mn(CO)5Br] in benzene at 
50 °C. The complexation of the PCgNRPCg ligands to manganese required longer reaction 
times in comparison to the complexation of the PPhobNRPPhob ligands and were left 
overnight to reach completion. This was assumed to be due to the increased steric bulk 
of the CgP group compared to the s-PhobP group. The [Mn(PCgNRPCg)(CO)3Br] 
complexes were isolated as yellow/orange solids in good yield. The molecular structure 
of meso-[Mn(PCgNiPrPCg)(CO)3Br] is shown in Figure 4.9. Again, the molecular structure 
confirms the formation of the fac-isomer and the PNP chelate ring is in a chair 
conformation. The corresponding 31P{1H} NMR spectrum of the rac and meso mixture 
of [Mn(PCgNiPrPCg)(CO)3Br] is shown in Figure 4.10A and the expected line broadening 
can be seen. The rac and meso isomers form in the ratio of the original ligand mixture 
and no preference is seen for one isomer which contrasts to the observations made when 
carrying out platinum coordination studies (Section 4.2.1). 
Figure 4.9: Crystal structure of meso-[Mn(PCgNiPrPCg)(CO)3Br]. Thermal ellipsoids at 50%. Crystallised 
C6H6 and hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Mn1-P1 
2.3532(5), Mn1-P2 2.3613(5); Mn1-C2 1.827(2); Mn1-C3 1.836(2); Mn1-Br1 2.5640(3); P1-Mn1-P2 
91.961(18); Br1-Mn1-C1 171.34(7). 
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The meso isomer of [Mn(PCgNRPCg)(CO)3Br] appears as a singlet in the 
31P{1H} NMR 
spectrum due to the Cs symmetry of that isomer. On the other hand, the rac-isomer has 
C1 symmetry and as expected, displays two signals in the 
31P{1H} NMR spectrum (Figure 
4.10A). Initially, the line broadening was thought to arise from coordination to the 
quadrupolar manganese nucleus, but the line width measured for the rac isomer signals 
were almost twice that of the meso isomer signals (w½ = ~130 Hz vs. w½ = ~70 Hz 
respectively). Low temperature NMR spectroscopy studies led to the resolution of the 
coupling between the two phosphines in the rac isomer (Figure 4.10B). The signals 
resolved at −60 °C, −50 °C and −40 °C for R = Me, iPr and Bn respectively. Below these 
temperatures the signal began to broaden again which is thought to be related to 
quadrupolar effects from the Mn nucleus. Interestingly, when the solvent of the NMR 
spectroscopy samples was switched to 1,1,2,2-tetrachloroethane (TCE) from d2-DCM for 
high temperature NMR spectroscopy studies the coupling of the two phosphines in the 
rac isomer was resolved at room temperature (Figure 4.10C). The line width also reduces 
for both the rac and meso isomers (w½  = ~78 Hz and w½ = ~31 Hz respectively). These 
observations indicate that the line broadening is most likely a result of a kinetic process 
Figure 4.10: 31P{1H} NMR spectrum of [(PCgNMePCg)Mn(CO)3Br] in d2-DCM at (A) room temperature, 










occurring in relation to the PNP ligand. This process may be attributed to the possible 
ring flip of the 6-membered metallocycle between the chair and boat conformations. A 





4] where the dynamic behaviour was attributed to the 
reversible dissociation of the pendant amine.22 Although this is for the cationic complex, 
the same dynamic behaviour could be present in analogues of the starting bromide 
complex. The bis-diphosphine derivatives [Mn(PNP)(dppm)(CO)(Br)] exhibited very 
broad signals (w½ > 200 Hz) in their 
31P{1H} NMR spectrum with no discernible 
coupling.55 This was attributed to coupling to the Mn nucleus but could be rationalised 
in a similar manner to the [Mn(PNP)(CO)3Br] described here.    
4.4 Attempts at Coordinating a Second Diphosphine 
Bullock et al. found that it was necessary to have a second diphosphine coordinated to 
Mn in order to observe reactivity with dihydrogen.53,55 The second diphosphine exerted 
electronic control on the system. Initially the use of dppm was not sufficient for the 
heterolytic cleavage of dihydrogen which is why the electron-withdrawing analogue, 
bppm was used with success. The electron-withdrawing nature of the ligand ensured that 
the dihydrogen molecule, when bound to the manganese centre, is acidic enough to allow 
for deprotonation by the pendant amine or an exogenous base. 
The route to coordinate the second diphosphine was the photolysis of [Mn(PNP)(CO)3Br] 
and either dppm and bppm to form the corresponding trans-manganese complex (4.4, 
Scheme 4.5). Following reaction conditions for analogous complexes, the photolysis 
reaction was attempted with the novel [Mn(PR’NRPR’)(CO)3Br] (PR’ = s-PhobP or CgP, 
R = Me, iPr, Bn) complexes formed. All combinations of Mn complex and dppm or bppm 
were tried in both toluene and fluorobenzene and in both pyrex and quartz glassware. 
Unfortunately, all attempts to form the desired products were unsuccessful. Only partial 
conversion (< 50%) of starting material was seen by analysis of the 31P{1H} NMR 
spectra. The remaining 31P{1H} NMR signals observed did not correspond to signals 
which would be expected for the desired product. The products could not be not separated 
and identified. 
It was unexpected that the dppm ligand would fail to coordinate, as several analogues 
had been made by this method in good yields.55 However, it is  known that bppm converts 
to an unidentified product under photolysis conditions, and this was expected to cause 
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complications.53 Bullock et al. reported that the addition of a catalytic amount of 
NaBArF4 reversed this transformation and allowed the coordination to Mn under 
photolysis conditions. With this in mind, the reactions were repeated with the addition of 
NaBArF4 but this made no change to the reaction outcome described above. 
Trimethylamine N-oxide (TMAO) is a common reagent used in organometallic 
chemistry to aid the substitution of carbonyl ligands by a decarbonylation mechanism.56 
The [Mn(PR’NRPR’)(CO)3Br] (PR’ = s-PhobP or CgP, R = Me, iPr, Bn) were combined 
with TMAO in dichloromethane but no reaction was seen after 2 days at 40 °C. After this 
time crystals of TMAO precipitated out from the reaction mixture so longer reaction 
times could not be investigated.  
The chemistry of manganese tricarbonyl cation [Mn(PPhNMePPh)(CO)3]
+ has been studied 
and did not show reactivity with dihydrogen making it unsuitable as a hydrogen oxidation 
electrocatalyst.53 It was thought that the novel complexes employing the s-PhobP and the 
CgP phosphorus groups were worth exploring to see how their unusual stereoelectronic 
properties effects the reactivity of manganese tricarbonyl complex [Mn(PNP)(CO)3]
+ 
with dihydrogen. The properties of the CgP group, being both sterically bulky and 
relatively electron withdrawing, would be advantageous and mean that the second 
electron withdrawing diphosphine may not be necessary.   
4.5 Formation of Manganese Cationic Complexes 
In order to react with dihydrogen or other small molecules, the bromide ligand needs to 
be abstracted from [Mn(PR’NRPR’)(CO)3Br] to form a coordinatively unsaturated species. 
For the analogues studied previously the bromide was abstracted by treatment of 
[Mn(PNP)(L)Br] (L = dppm or bppm) with one equivalent of NaBArF4. The attempted 
formation of cationic complexes from the novel [Mn(PR’NRPR’)(CO)3Br] complexes and 
their subsequent reaction with small molecules is described below. 




4.5.1 Formation of Cationic Complexes 
[Mn(PPhobNRPPhob)(CO)3]+ 
The reaction of [Mn(PPhobNRPPhob)(CO)3Br] (R = Me, iPr, Bn) and one equivalent of 
NaBArF4 in fluorobenzene resulted in the immediate formation of a bright yellow 
solution and a white precipitate (Scheme 4.6). The reaction mixture showed one singlet 
in the 31P{1H} NMR spectrum which has shifted upfield with respect to the bromide 
precursor (Table 4.2). This is indicative of the 31P nuclei being in a four-membered ring.57 
This result, along with the precipitation of the NaBr, suggests the quantitative formation 
of [Mn(κ3-PPhobNRPPhob)(CO)3][BAr
F
4]. The chemical shift differences for these 
complexes are smaller than for the analogous complex [Mn(PPhNMePPh)(CO)3]
+ (Δδ = 
24.4 ppm).53 A more pronounced colour change was also expected (yellow to dark blue 
or red seen for mixed bis(diphosphine) complexes) but this difference may be due to the 
absence of a second diphosphine ligand.53,55     
 Table 4.2: Differences in 31P{1H} NMR chemical shifts between [Mn(PPhobNRPPhob)(CO)3Br] and 
[Mn(PPhobNRPPhob)(CO)3][BArF4]. 
 a 31P{1H} NMR spectrum recorded in CDCl3. b 31P{1H} NMR spectrum recorded in PhF. 
The molecular structure of [Mn(κ3-PPhobNMePPhob)(CO)3]
+ is shown in Figure 4.11 and 
confirms the formation of the cationic tuck-in complex where the nitrogen is bound to 
the manganese centre. The structure shows distorted octahedral geometry were the  
N-Mn-CO bond angle deviates from the expected 180° (163.34(7)°). The Mn-N bond 
(2.1554(14) Å) is considerably shorter than those reported by Bullock et al. (~ 2.30 Å) 
R 
31P{1H} δP (ppm) of 
[Mn(PPhobNRPPhob)(CO)3Br]a 




Me 4.4 −7.9 −12.3 
iPr 9.5 −6.1 −15.6 
Bn 7.6 −5.1 −12.7 
Scheme 4.6: Reaction of [Mn(PPhobNRPPhob)(CO)3Br] and NaBArF4 to form tuck-in complex κ3-4.6. 
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but is more akin to a typical MnI-N(sp3) bond (2.17 Å).53 The short length of this bond 
implies relatively strong binding of the N to the Mn. This may inhibit binding of small 
molecules if the κ2-binding mode cannot be accessed (See Section 4.5.1.1 below).    
4.5.1.1 Reaction of [Mn(PPhobNRPPhob)(CO)3]+ with Dihydrogen 
The in situ formed cationic complexes [Mn(κ3-PPhobNRPPhob)(CO)3]
+
 were subjected to 
dihydrogen (1 bar). No reaction was seen at room temperature or when heated to reflux 
in fluorobenzene for 1 week. Abstraction of bromide from [Mn(PPhobNRPPhob)(CO)3Br] 
was also carried out under a dihydrogen atmosphere but this gave the same results and 




 were also exposed to ethene, CO2 and 
phenylacetylene but showed no reactivity with any of these common FLP substrates. 
These observations led to the conclusion that [Mn(PPhobNRPPhob)(CO)3]
+ would not be 
suitable for small molecule activation or as a dihydrogen oxidation electrocatalyst due to 
the formation of a stable tuck-in complex. The κ3-complex appears to be highly stable, 
and variable temperature NMR studies showed no change in the 31P{1H} NMR signal 
over a wide temperature range (−35 °C – 75 °C). 
4.5.2 Attempted Formation of Cationic Complexes 
[Mn(PCgNRPCg)(CO)3]+  
The reaction of [Mn(PCgNRPCg)(CO)3Br] (R = Me, iPr, Bn) and one equivalent of 
NaBArF4 in fluorobenzene resulted in the complete dissolution of the sparingly soluble 
starting material and no precipitation of salt was seen. For all variants, there was no major 
Figure 4.11: Crystal structure of [Mn(κ3-PPhobNMePPhob)(CO)3]+. Thermal ellipsoids at 50%. Hydrogen 
atoms and [BArF4] counterion omitted for clarity. Selected bond lengths (Å) and angles (°): Mn1-N1 
2.1554(14); Mn1-P1 2.2900(5), Mn1-P2 2.3037(5); Mn1-C20 1.8228(19); Mn1-C21 1.8085(18); Mn1-
C22 1.8298(19); P1-Mn1-P2 93.104(18); N1-Mn1-C21 163.34(7). 
 




shift in the 31P{1H} NMR resonances for either the rac or meso isomers but surprisingly 
the signals became much more resolved (Figure 4.12). The coupling between the two 
inequivalent phosphorus nuclei in the rac isomer was now completely resolved at room 
temperature (Figure 4.12). A summary of the 31P{1H} NMR data for the series is 
presented in Table 4.3.  
Table 4.3: 31P{1H} NMR data between [Mn(PCgNRPCg)(CO)3Br] and the reaction mixture of 
[Mn(PCgNRPCg)(CO)3Br] and NaBArF4. 
  a 31P{1H} NMR spectrum recorded in CDCl3. b 31P{1H} NMR spectrum recorded in PhF. 
 It was noted that the downfield resonance of the rac isomer does not shift significantly 
but the upfield resonance shifts at least 2 ppm downfield. This observed resolution of the 
31P{1H} NMR resonances at room temperature compared to the starting bromide 
precursor indicates the loss of the dynamic behaviour on the NMR timescale which was 
proposed to be the reason for the observed broadening of [Mn(PCgNRPCg)(CO)3Br]. There 
was no precipitation of NaBr which suggested that the bromide ligand has not been 
abstracted from the metal centre. The product was crystallised from the reaction mixture 
and its molecular structure is shown in Figure 4.13.  
R 
31P{1H} δP (ppm) of 
[Mn(PCgNRPCg)(CO)3Br]a 
31P{1H} δP (ppm) of 
[Mn(PCgNRPCg)(CO)3][BArF4]b 
2JPP (Hz) 
 meso rac meso rac  
Me 18.9 16.9, 11.3 19.0 17.4, 13.4 45.8 
iPr 18.0 16.7, 10.7 17.7 17.6, 13.1 46.7 
Bn 18.8 16.2, 11.3 18.6 15.5, 13.3 45.0 
Figure 4.12: 31P{1H} NMR spectrum of (A) [Mn(PCgNiPrPCg)(CO)3Br] and (B) the reaction mixture of 
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The two Mn moieties in this crystal structure are rac-[Mn(PCgNiPrPCg)(CO)3Br]. The 
sodium cation appears to be bridging two Mn entities by coordination to oxygens in the 
CgP structure and the two bromide ligands and the Na has pseudo-tetrahedral geometry. 
Although it cannot be confirmed whether this species exists in solution, it does provide 
an explanation for the observations described above. The starting bromide precursor is 
only sparingly soluble in fluorobenzene, but after 10 minutes the reaction mixture is 
completely homogenous. The presence of the sodium ion bridging two complexes may 
be the reason for the dissolution. NaBr did not precipitate from the reaction mixture 
which is also consistent with this structure. The Mn-Br bond length in the bromide 
precursor (Figure 4.9) and the structure presented in Figure 4.13 are not significantly 
different, indicating that although the Na atom is interacting with the bromide ligands the 
Mn-Br bond has not been significantly weakened (2.5640(3) Å vs. 25652(7) and 
2.5509(7) Å).   
Figure 4.13: Crystal structure obtained from the reaction mixture of [Mn(PCgNiPrPCg)(CO)3Br] and Na 
BArF4 in fluorobenzene. Thermal ellipsoids at 50%. Hydrogen atoms, NaBArF4 counterion, and co-
crystallised solvent molecules (PhF and pentane) omitted for clarity. Both Mn complexes are the rac 
isomer. Selected bond lengths (Å) and angles (°): Mn1-Br1 2.5652(7), Mn2-Br2 2.5509(7), Br1-Na1 
2.7890(16), Br2-Na1 2.8736(16), Na1-O7 2.359(3), Na1-O10 2.303(3), O7-Na1-Br1 97.59(8), O7-Na1-
O10 122.53(11), O10-Na1-Br2 94.04(8), Br1-Na1-Br2 96.18(5). 




4.6 Reaction of [Mn(PCgNRPCg)(CO)3Br]/NaBArF4 
Mixtures with Dihydrogen 
All of the dihydrogen activation experiments described in this section were carried out 
with one equivalent of [Mn(PCgNRPCg)(CO)3Br] and one equivalent of NaBAr
F
4 in either 
PhF or d5-PhCl at room temperature unless stated otherwise. It was noted that the starting 
materials are only partially soluble in d5-PhCl. This mixture was subjected to 1 bar of H2 
in a Youngs NMR tube. Full experimental details are given in Chapter 5.  
Although the exact structure of the species formed in solution upon combination of 
[Mn(PCgNRPCg)(CO)3Br] (R = Me, iPr, Bn) and NaBAr
F
4 was unknown (See Section 
4.5.2), the reaction of this mixture with dihydrogen was investigated. No distinctive 
colour change was observed when the reaction mixture was subjected to 1 bar of 
dihydrogen. When the reactions were carried out in fluorobenzene, the homogenous 
solution slowly became cloudy over time. The appearance of a small amount of 
precipitate was presumed to be due to the formation of NaBr. This was difficult to 
observe when the reaction was carried out in d5-PhCl due to the insolubility of the starting 
material although it was likely to also have occurred.  
When using [Mn(PCgNMePCg)(CO)3Br] as the starting Mn complex, partial reactivity with 
dihydrogen was seen due to the presence of amine and hydride peaks in the 1H NMR 
spectrum indicating the formation of 4.7 (Scheme 4.7 and Figure 4.14). The amine signal 
appeared as a broad singlet at δH = 9.70 ppm. The hydride signal occurred at around δH = 
−8.0 ppm which was expected for a manganese hydride of this type. The signal for the 
meso isomer was a triplet at δH = −7.93 ppm (
2JHP = 55.6 Hz) and the signal for the rac 
isomer was a doublet of doublets at δH = −8.04 ppm (
2JHP = 53.9 and 46.6 Hz). The 
corresponding signals in the 31P{1H} NMR spectrum could also be seen at δP = 45.9 ppm 
for the meso isomer and two signals at δP = 47.6 and 45.7 ppm (
2JPP = 45.5 Hz) as shown 
in Figure 4.14. This was confirmed by a 1H-31P HMQC NMR spectroscopy experiment. 
Curiously, a small peak resembling a doublet of doublets was observed at δH = −8.69 
ppm which were associated with a set of doublets seen at δP = 55.5 and 53.8 ppm (
2JPP = 
35.6 Hz). There were also some broad signals seen in the range of δP = 27 – 10 ppm which 
were not identified (Figure 4.14). During an attempt to resolve these signals, low 
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temperature NMR spectroscopy studies revealed an interesting observation. The rac 
hydride species appeared to convert to the unknown hydride species when the solution 
was cooled to −35 °C (limited due to the freezing point of d5-PhCl). Also, after the 3d at 
room temperature the amount of the unknown rac hydride species increased (Figure 
4.14). It is possible that the protonated nitrogen can invert and result in the formation of 
syn and anti-isomers of 4.7a (Figure 4.15). Bullock et al. reported the observation of the 
Scheme 4.7: Reaction of [Mn(PCgNRPCg)(CO)3Br]/NaBArF4 with H2. 
Figure 4.14: 31P{1H} NMR (left) and hydride region of 1H NMR spectrum of 
[Mn(PCgNMePCg)(CO)3Br]/NaBArF4 reaction with dihydrogen overnight at room temperature (top) −35 °C 
(middle) and after 3d at room temperature (bottom). 
Figure 4.15: Structures and interconversion of the protonation isomers of 4.7a. Syn and anti refer to the 
position of the proton in relation to the hydride. 




anti-isomer of [MnH(PPhNMePPh)(H)(bppm)(CO)]+ at low temperatures in low abundance 
but did not report any interconversion at room temperature.53 
It is curious that only the interconversion of the rac isomer is apparently seen. It is 
possible that the same conversion is happening for the meso isomer but at a much lower 
conversion rate so the hydride and 31P NMR signals were not observed at the 
temperatures that the NMR spectra were recorded.    
Whilst monitoring the reaction, the intensity of a broad peak at δH = −1.80 ppm, which 
was observable after 1 h, and increased over 3 d. This peak was tentatively assigned as 
the bound dihydrogen complex. One explanation for the increase over time is the slow 
dissolution into the d5-PhCl as the dihydrogen molecule binds. After three days there was 
still some insoluble starting material in the reaction mixture.  
Determining the conversion of the starting materials to the dihydrogen heterolysis 
product was not possible by 31P{1H} NMR spectroscopy, but comparison of the NaBArF4 
signals with the amine proton and the manganese hydride signal in the 1H NMR spectrum 
indicated ~15% conversion over 3d. The observation of distinct hydride and protonated 
amine signals at room temperature point towards the heterolysis of dihydrogen being 
irreversible. If the process were reversible and rapidly exchanging, it would be expected 
that a resonance at the average of the chemical shift of the static hydride and protonated 
amine would be observed. The average of the two observed signals (assuming these are 
static) would lie underneath the resonances for the PCgNMePCg ligand. From the data 
available the absence of a reversible process cannot be ruled out.  
When using [Mn(PCgNiPrPCg)(CO)3Br] as the starting Mn complex, conversion to 4.7b 
occurred after 1 hour and increased to 20% conversion over 3 days (Scheme 4.7). Similar 
observations to those described above for R = Me were seen (Figure 4.16). At room 
temperature overnight, the protonated amine peak (δH = 9.56 ppm) and manganese 
hydride (δH = −7.95 ppm (
2JHP = 55.3 Hz, meso), −7.90 (
2JHP = 50.7 and 49.5 Hz, rac)) 
are observed. In the 31P{1H} NMR spectrum, a multiplet at δP = 45.8 ppm was confirmed 
to be the corresponding signal for both the meso and rac isomers by 1H-31P HMQC. Low 
temperature NMR studies revealed the formation of a second rac hydride species, 
analogous to before but at an even lower conversion (Figure 4.16). Even after 3 days only 
a very small amount of this species could be seen at room temperature. Due to the low 
abundance of anti-4.7b, a cross peak between the hydride signal at δH = −8.67 and a 
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31P{1H} NMR signal was not observed but the doublets at δP = 66.5 and 58.3 ppm are 
assumed to be associated with the anti-isomer of 4.7b (Figure 4.16).    
Broad signals were observed in the 31P{1H} NMR spectrum between  
δP = 28 – 10 ppm which are similar to those seen previously when R = Me and remain 
unassigned (Figure 4.16). A broad singlet in the 1H NMR spectrum at δH = −1.82 ppm 
increases over time and is not observed in the first 24 h of the reaction. This is again 
assumed to be the bound dihydrogen complex, but this appears to have a slower rate of 
formation for R = iPr compared to when R = Me.  
When using [Mn(PCgNBnPCg)(CO)3Br] as the starting Mn complex, the formation of 4.7c 
was seen after 1 hour and reached 30% conversion after 3 days (Scheme 4.7). The 
protonated amine peak is seen at δH = 9.65 ppm and the meso and rac hydride peaks 
appear as a multiplet at δH = −7.91 ppm. The individual peaks overlap and coupling 
constants could not be extracted from the data collected. The corresponding 31P{1H} 
NMR signals were observed at δP = 46.7 ppm for the meso isomer and two doublets at δP 
= 46.3 and 45.3 ppm (2JPP = 46.1 Hz) for the rac isomer. Interestingly, even at low 
temperatures and after 3 days, there was no evidence of conversion to the anti-isomer of 
4.7c in the 1H NMR or the 31P{1H} NMR spectra. The hydride signal for the anti,rac-
isomer (δH = −8.63 ppm) was only observed after the reaction mixture was left at room 
temperature for 6 days, but was still in a very small quantity. There is also a very small 
peak, only just distinguishable from the baseline, at δH = −2.66 ppm in the 
1H NMR 
Figure 4.16: 31P{1H} NMR (left) and hydride region of 1H NMR spectrum of 
[Mn(PCgNiPrPCg)(CO)3Br]/NaBArF4 reaction with dihydrogen overnight at room temperature (top) −35 °C 
(middle) and after 3d at room temperature (bottom). 




spectrum which is tentatively attributed to the bound dihydrogen complex. Broad peaks 
seen in the 31P{1H} NMR spectrum between δP = 25 – 11 ppm are again unidentified 
species but could be attributed to the suspected bound dihydrogen complex (Figure 4.17).   
The difference in the quantity of anti-4.7 formed at low temperature and over time can 
be rationalised due to the difference in the sterics of the nitrogen substituent. Benzyl 
being the largest substituent, does not convert to the anti-isomer for at least 6 days 
whereas when the substituent is a methyl group, the smallest substituent tested, formation 
of the anti-isomer was seen within hours. The conversion between the syn- and anti-
isomer must occur via an intramolecular process where the amine is deprotonated 
(presumably by the starting [Mn(PR’NRPR’)(CO)3Br] complex), the nitrogen centre then 
inverts and is then reprotonated. This fits with the observation that this conversion is 
slower with bulky nitrogen substituents as it will be sterically more difficult to 
deprotonate the amine to allow inversion of the nitrogen centre.  
Due to the melting point of d5-PhCl, lower temperatures could not be reached to 
investigate if the anti-isomer could be observed for 4.7c. An alternative was to carry out 
the reaction in d2-DCM. This proved to be problematic and led to decomposition and 
only a minute amount of conversion to 4.7. This correlates with the stability of analogous 
cationic complexes studied by Bullock et al.53 The tricarbonyl species that were 
previously investigated were stable in DCM solutions but the bis-diphosphine cations 
displayed varying levels of decomposition including the isolation of a trans-dicarbonyl 
Figure 4.17: 31P{1H} NMR (left) and hydride region of 1H NMR spectrum of 
[Mn(PCgNBnPCg)(CO)3Br]/NaBArF4 reaction with dihydrogen overnight at room temperature (top) −35 °C 
(middle) and after 3d at room temperature (bottom). 
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species [Mn(PPhNMePMe)(CO)2(bppm)]. The comparable tetracarbonyl species 
[Mn(PCgNMePCg)(CO)4] was isolated from a reaction mixture of 
[Mn(PCgNMePCg)(CO)3Br]/NaBAr
F
4 with H2 conducted in DCM which displays the 
instability of the cationic species formed in dihydrogen activation (Figure 4.18). 
4.7 Hydrogen Oxidation Electrocatalysis Testing 
Electrochemical experiments detailed in this Section were carried out by the author under 
the supervision of Dr G. M. Chambers at the Pacific National Northwest Laboratories in 
collaboration with Professor R. M. Bullock.  
Previous work by Bullock and DuBois et al. details successful hydrogen oxidation 
catalysts involving nickel, iron and manganese bearing either PNP or P2N2 
ligands.6,13,14,50,58,59 The proposed catalytic cycles for the oxidation of dihydrogen involve 
alternating chemical (C) and electrochemical steps (E). An example CECE pathway is 
shown in Figure 4.19 where the electrocatalysis occurs in the presence of an exogenous 
base, such as 2,6-lutidine, for a [MnI(PNP)]+ complex.6    
Firstly, the PNP ligand interconverts between the κ3 and κ2 coordination modes (Step 1) 
under catalytic conditions to allow for binding of dihydrogen (Step 2). The first chemical 
step is the heterolysis of H2 (Step 3) followed by deprotonation by an exogeneous base 
(Step 4) to form a neutral MnI-H. The first electrochemical step is oxidation of this 
Figure 4.18: Crystal structure obtained from the reaction mixture of [Mn(PCgNMePCg)(CO)3Br]/NaBArF4 
with H2 in DCM. Thermal ellipsoid at 50%. Hydrogen atoms and NaBArF4 counterion omitted for 
clarity. Phosphorus substituents truncated for clarity due to a high level of disorder. Selected bond 
lengths (Å) and angles (°): Mn-P1 2.3697(8); Mn-P2 2.3665(7); Mn1-C24 1.857(3); Mn1-C25 1.847(3); 
Mn1-C26 1.838(3); Mn1-C27 1.865(3); C24-Mn1-C27 177.58(14). 




species (Step 5) to form a MnII-H. There are now two possible pathways, the first being 
the intramolecular deprotonation of the MnII-H (Step 6) with subsequent deprotonation 
by an exogeneous base (Step 7) and the second being the direct deprotonation of the MnII-
H to form the neutral Mn0 species. Computational studies on the manganese and iron 
catalytic cycles showed that although both pathways were endergonic, the second 
pathway has a much higher activation barrier. This intramolecular deprotonation was 
proposed to be the rate-determining step for the catalytic cycle. The final step is the 
oxidation of the Mn0 species back to the MnI species (Step 8) to complete the cycle. 
The [Mn(PPhobNRPPhob)(CO)3]
+  (R = Me, iPr, Bn) series was thought to be unsuitable for 
hydrogen oxidation electrocatalysis because no reaction with dihydrogen was observed 
at room temperature (see Section 4.5.1.1). This was thought to be due to the formation 
of a strong manganese-nitrogen bond in the κ3 coordination mode of the PNP ligand 
which does not interconvert with the κ2 coordination mode that is needed for the initial 
binding of H2. The cyclic voltammogram for [Mn(P
PhobNMePPhob)(CO)3][BAr
F
4] in PhF 
Figure 4.19: Proposed catalytic cycle for the electrocatalytic oxidation of dihydrogen by [Mn(PNP)(L)3]+ 
with an exogeneous base. For clarity the phosphine substituents and other Mn bound ligands are omitted. 
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at 100 mV/s scan rate is shown in Figure 4.20 and is representative of what happened for 
all of the species in the series. The MnI/0 and Mn0/- redox couples were observable around 
−1.55 V and −1.94 V respectively vs Cp2Fe
+/0 (Cp = η5-cyclopentadienyl) but they did 
not appear to be stable as both exhibited irreversible waves, even at faster scan rates (1 
V/s). No change was seen when a hydrogen atmosphere and base (either triethylamine or 
N,N-diisopropylethylamine) were added, meaning that the [Mn(PPhobNRPPhob)(CO)3]
+ 
series are not electrocatalysts for the oxidation of H2.  
Before any electrochemical event occurs in the catalytic cycle the MnIH is formed and 
previous studies have shown that this species is also a successful catalyst for the 
electrocatalytic oxidation of H2. For this reason, the corresponding manganese hydrides 
4.9 were formed by reaction of the starting bromide precursor with LiAlH4 (Scheme 4.8). 
The MnIH products displayed the expected triplet resonance in the hydride region of the 
1H NMR spectrum and a downfield shift in the 31P{1H} NMR spectrum.   
Figure 4.20: Cyclic voltammogram of [Mn(PPhobNiPrPPhob)(CO)3][BArF4] in PhF with 0.1 M 





















A representative cyclic voltammogram of [Mn(PPhobNRPPhob)(CO)3(H)] in PhF under the 
same electrocatalytic conditions described above is shown in Figure 4.21. An irreversible 
oxidation peak is observed at about 0.38 V vs Cp2Fe
+/0. The further decrease in current 
was due to the beginning of base oxidation as the potential is decreased. This 
unfortunately convolutes the trace and it cannot be said with certainty that the oxidation 
is completely irreversible. The data suggests that an irreversible chemical event has 
occurred resulting in the shutdown of any potential catalysis. It is thought that the MnIH 
is oxidised and then deprotonated intramolecularly to form the protonated amine. This 
species is then deprotonated by the external base and once the nitrogen lone pair is free 
the immediate formation of the stable, inert κ3-complex is formed irreversibly which has 






















Figure 4.21: Cyclic voltammogram of [Mn(PPhobNMePPhob)(CO)3(H)] under 1 atm H2 with added N,N-
diisopropylethylamine in PhF with 0.1 M [NBu4][B(C6F5)4] at 100 mV/s referenced to Cp2Fe+/0. 
Scheme 4.8: Formation of [Mn(PPhobNRPPhob)(CO)3(H)] by reaction of [Mn(PPhobNRPPhob)(CO)3Br] with 
LiAlH4. 
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The manganese series which employs the PCgNRPCg ligands displayed very different 
electrochemistry to the series with PPhobNRPPhob. Although the formation of the cationic 
species [Mn(PCgNRPCg)(CO)3]
+ was not successful, the mixture of the starting bromide 
complex [Mn(PCgNRPCg)(CO)3Br] and NaBAr
F
4 reacted with dihydrogen (Section 4.6). 
A representative cyclic voltammogram of [Mn(PCgNRPCg)(CO)3Br]/NaBAr
F
4 in PhF 
under the same electrocatalytic conditions described above is shown in Figure 4.22. An 
irreversible redox event at about 0.69 V vs Cp2Fe
+/0 was attributed to the oxidation of the 
starting bromide complex. The large quantity of this species in solution meant that any 
other redox events were not discernible, and no conclusions could be drawn about 
whether there was any electrocatalysis of oxidation of dihydrogen. The amount of the 
[Mn(PCgNRPCg)(CO)3Br] in the mixture observed by CV corresponds to what was seen 
when the dihydrogen activation experiments were run on this system, where analysis of 
the 31P{1H} NMR spectrum showed the bromide complex to be the major (> 95%) 
species in solution after 1 h. This series does exhibit H2 heterolysis, although not with 
full conversion of the starting material to desired product. It was thought that, as shown 
previously, that the MnI-H might serve as a suitable catalyst for the electrocatalytic 
oxidation of H2. However, the formation of [Mn(P






















Figure 4.22: Cyclic voltammogram of [Mn(PCgNMePCg)(CO)3Br]/NaBArF4 under 1 atm H2 with added 
N,N-diisopropylethylamine in PhF with 0.1 M [NBu4][B(C6F5)4] at 100 mV/s referenced to Cp2Fe+/0. 




[Mn(PCgNRPCg)(CO)3Br] with LiAlH4 did not proceed cleanly and the desired product 
could not be isolated in a sufficient purity for electrochemical studies.        
4.8 Conclusions and Future Work 
This chapter has described the synthesis of a series of pendant amine diphosphine ligands 
which contain the unusual phosphine substituents s-PhobP and CgP and the nitrogen 
substituents Me, iPr and Bn. The chirality in the CgP produces a mixture of 
diastereoisomeric ligands. A suitable route to separation of these isomers was not found 
although it was noted that the diastereoisomers do exhibit slightly differing solubilities 
in methanol. An exploration of different alcohols in differing ratios with another solvent 
such as DCM could lead to the successful separation and isolation of the rac and meso 
isomers in the future.  
The coordination of the PNP ligands to Pt(II) showed the tendency of the ligands to bind 
in a κ2-coordination mode by the two phosphorus atoms leaving the pendant amine in the 
second coordination sphere. A difference in the rate of coordination of the rac and meso 
isomers of the PCgNRPCg series of ligands to Pt(II) could serve as a method of separation 
of the diastereomers.  
The novel PNP ligands were successfully coordinated to manganese to form a series of 
manganese tricarbonyl bromide complexes with the general formula [Mn(PNP)(CO)3Br] 
which were isolated cleanly as the fac-isomers. The inequivalent phosphorus atoms in 
rac-[Mn(PCgNRPCg)(CO)3Br] exhibited broad signals in the 
31P{1H} NMR spectrum. 
Variable temperature NMR studies gave evidence to attribute the broadening of these 
signals at room temperature to the dynamic ring flip of the 6-membered metallacycle 
formed with the PNP ligand which has not been noted before for related mono-
diphosphine manganese complexes.  
Attempts to coordinate a second diphosphine to Mn were unsuccessful despite following 
procedures which are known to aid the substitution of carbonyl ligands in similar 
complexes. Although a direct comparison could not be made with the bis-diphosphine 
manganese complexes synthesised previously by Bullock et al. the tricarbonyl bromide 
complexes were tested for small molecule activation and the electrocatalysis of H2 
oxidation.  
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The cationic complexes [Mn(PPhobNRPPhob)(CO)3]
+ were successfully synthesised by 
abstraction of the bromide of [Mn(PPhobNRPPhob)(CO)3Br] with NaBAr
F
4. The PNP ligand 
in [Mn(PPhobNRPPhob)(CO)3]
+ displays the κ3-coordination mode in the solid state which 
persists in solution according to the 31P{1H} NMR spectra. This Mn-N bond was 
sustained even in the presence of dihydrogen with no indication of reaction even at 
elevated temperature and prolonged reaction times. Further work would be needed to 
explore the incorporation of other ancillary ligands to increase the steric bulk around the 
Mn centre in order to weaken the Mn-N bond. Previous work by Bullock has shown that 
the presence of the species in the κ3-coordination mode does not necessarily inhibit 
reactivity with dihydrogen but it must be in equilibrium with the κ2-complex which can 
then interact with the substrate.22,53  
Addition of NaBArF4 to [Mn(P
CgNRPCg)(CO)3Br] unexpectedly did not lead to the 
cationic complexes [Mn(PCgNRPCg)(CO)3]
+. Evidence from a solid-state structure 
suggests that a sodium ion bridges two complexes by the oxygens in the CgP groups. 
Despite the evidence suggesting the Mn-Br bond had not been weakened or broken, this 
series of manganese complexes showed heterolytic cleavage of H2. The conversion of 
starting material to Mn-H/N-H product only reached a maximum of 45% over 7 days at 
room temperature. Interconversion between the syn- and anti-protonation isomers of 
[Mn(PCgNR(H)PCg)(CO)3(H)][BAr
F
4] 4.7 was observed for the whole series but was 
largely dependent on the size of the nitrogen substituent. This series is the first example 
of heterolytic cleavage of H2 by a pendant amine manganese complex which did not 
require the presence of a second diphosphine which previously have been shown to have 
a significant influence on the electronic properties of the manganese centre.53 
Electrochemical testing for H2 oxidation for both series did not yield positive results 
which was anticipated from the results of their chemical reaction with dihydrogen alone. 
A wider screen of electrochemical conditions would need to be carried out to 
conclusively rule out the complexes as electrocatalysts for either H2 oxidation or 
production.  
Initial testing for small molecule activation of other substrates, such as ethene and 
phenylacetylene, has been carried out with no evidence of activation products being 
formed which suggests their unsuitability as a general cooperative Lewis pair. One 
explanation for this is that because the other substrates are much larger than H2 there is a 




steric mismatch, resulting in the amine and metal centre not being able to act 
cooperatively for bond activation. A more thorough investigation of substrates and 
nitrogen substituents should be carried out to explore other possible avenues for 
reactivity. If it is possible to show that the heterolytic cleavage of dihydrogen is 
reversible, the application of these pendant amine complexes for borrowed hydrogen 
processes should be investigated. This could be done by modifying the reaction 
conditions such as varying the temperature and pressure of the reaction. Previous work 
in the Wass group has focused in the upgrading of ethanol to various isomers of the more 
advanced fuel butanol.60–63 The transformation occurs by cycles of dehydrogenation, 
followed by aldol condensation and rehydrogenation of the substrates by the transformed 
catalyst. This borrowed hydrogen process is an example of Guerbet chemistry (Scheme 
4.9).64–66 The complexes explored in this work should be investigated for their catalytic 








Scheme 4.9: General scheme for the coupling of alcohols via the Guerbet reaction. 
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Chapter 5  
Experimental 
5.1 General Experimental Considerations 
Unless otherwise stated, all reactions were carried out under an inert atmosphere of N2 
or Ar, using standard Schlenk line or glovebox (MBraun O2 <0.1ppm, H2O <0.1ppm) 
techniques. All glassware was dried in an oven (200 °C) for at least 2 hours or flame 
dried before use. Common laboratory solvents (DCM, diethyl ether, hexane, THF, 
acetonitrile and toluene) were purified using an anhydrous Grubbs-type solvent system 
and then degassed by at least three freeze/pump/thaw cycles. Non-standard solvents 
(pentane, benzene, chlorobenzene and fluorobenzene) were purchased from Sigma-
Aldrich, distilled from CaH2 and degassed by at least three freeze/pump/thaw cycles. 
Deuterated solvents (CDCl3, CD2Cl2, d5-PhBr, d5-PhCl, d6-benzene and d8-toluene) were 
obtained from commercial sources, distilled from CaH2 and degassed by at least three 
freeze/pump/thaw cycles. Unless otherwise stated, reagents were purchased from 
commercial sources and used without further purification. Reagent gases (CO2 and 
13CO2) were dried prior to use by passing through a −78 °C trap. Catechol was dried by 
azeotroping with toluene three times before use. B(OPh)3 was purified by sublimation 
before use (25 °C, 2 x 10-2 mBar). Phenylacetylene was purified by distillation before 




3 sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 
(NaBArF4)
4 and bis(bis(3,5-bis(trifluoro)phenyl)phosphino)methane (bppm)5 were 
synthesised according to literature methods. B(C2H2F3)3 was kindly synthesised and 
donated by the group of Dr Rebecca Melen (University of Cardiff). 
NMR spectra were recorded on Jeol ECS 300, Jeol ECP (Eclipse) 300, Jeol ECS 400, 
Bruker Nano 400, Varian VNMRS 500 and Bruker Avance III HD 500 Cryo 
spectrometers in the solvents stated. Chemical shifts are given in parts per million (ppm) 
and coupling constants (J) are given in Hz. For paramagnetic NMR, line widths (w1/2) 
are given in Hz. 1H and 13C{1H} NMR chemical shifts (δ) are reported in parts per million 
(ppm) and are referenced internally relative to the residual solvent signal. 11B{1H}, 19F, 
27Al{1H} and 31P{1H} were referenced to BF3.OEt2, CFCl3, Al(NO3)3 and 85% H3PO4 as 




external standards respectively. Data is reported as follows: chemical shift (δ, ppm), 
integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qu = quintet, dd 
= doublet of doublets, dt = doublet of triplets, td = triplet of doublets, ququ = quintet of 
quintets, m = multiplet, app = apparent, br = broad signal), coupling constants (J, Hz) 
and assignment. Solid-state infrared (IR) absorption spectroscopic data were recorded on 
a Perkin-Elmer FT-IR instrument in air. Electrospray Ionisation Mass spectra (ESI-MS) 
were recorded by the mass spectrometry service at the University of Bristol on a Bruker 
Dalronics microTOF II. Elemental analyses were carried out by the Microanalytical 
Laboratory in the School of Chemistry, University of Bristol. All X-ray experiments were 
carried out by Dr. H. A. Sparkes and Dr. N. E. Pridmore who are acknowledged for their 
input. X-ray diffraction experiments were carried out at 100 K on a Bruker APEX II 
diffractometer using Mo-Kα radiation (λ = 0.71073 Å). The data collections were 
performed using a CCD area detector from a single crystal mounted on a glass fibre. 
Intensities were integrated, and absorption corrections based on equivalent reflections 
using SADABS were applied. The structures were all solved using Superflip6 and 
structures were refined against all F2 in ShelXL20137 using Olex2.8 All of the non-
hydrogen atoms were refined anisotropically. All of the hydrogen atoms were located 















5.2 Chapter 2 Experimental 
5.2.1 1,2-bis(di-tert-butylphosphinooxy)benzene (dtbpob, L2) 
Catechol (596 mg, 5.41 mmol) in THF (10 mL) was added dropwise at room temperature 
to a suspension of NaH (286 mg, 11.91 mmol) in THF (10 mL). Effervescence of 
hydrogen gas and the formation of a white suspension was observed. The reaction was 
left to stir at room temperature until effervescence had subsided (approx. 30 min). Di-
tert-butylchlorophosphine (2.05 mL, 10.83 mmol) was added dropwise to the reaction 
mixture and was heated at 60 °C for 72 h. Reaction progress was monitored by 31P{1H} 
NMR spectroscopy and upon consumption of the starting chlorophosphine the reaction 
mixture was filtered through celite under N2 (extra care was taken to exclude water 
traces). The solvent was removed in vacuo to yield a colourless oily solid. 
Recrystallisation from hexane at −20 °C yielded a white crystalline solid (1.38 g, 56%). 
Upon workup, the P−O bond hydrolysis product bond formed. After several unsuccessful 
attempts to isolate the pure product, the crude product was carried forward to the next 
step. Crystals suitable for X-ray analysis were obtained by slow evaporation of a pentane 
solution of L2 at −40 °C.  
1H NMR (400 MHz; C6D6) δH 7.69 (2H, m, Ar CH), 6.82 (2H, m, Ar CH), 1.21 (36H, 
d,3 JHP = 11.6 Hz, CH3); 13C{1H} NMR (100 MHz; C6D6) δC 150.2 (dd, J = 9.8, 1.7 Hz, 
Ar C), 121.6 (m, Ar CH), 118.7 (d, J = 22.9 Hz, Ar CH), 35.8 (d, J = 27.0 Hz, C(CH3)3), 
27.6 (d, J = 15.9 Hz, C(CH3)3); 31P{1H} NMR (162 MHz; C6D6) δP 153.1 (s, P
tBu2); 
HR-MS (ESI) m/z calcd. for C22H41O2P2 [M+H]
+ = 399.2576, obs. 399.2568; Elem. 
Anal. (calcd. for C22H40O2P2) C 66.49 (66.31), H 10.13 (10.12). 




5.2.2 [PtCl2(L2)]  
 
[PtCl2(COD)] (25 mg, 0.07 mmol) and L2 (32 mg, 0.08 mmol) were dissolved in DCM 
(0.6 mL) in a Youngs NMR tube. After 30 min, analysis of the 31P{1H} NMR spectrum 
confirmed complete complexation. The complex was precipitated in hexane to yield a 
white solid, (37 mg, 83%). Crystals suitable for X-ray analysis were obtained by slow 
diffusion of hexane into a DCM solution of [PtCl2(L2)].  
1H NMR (400 MHz; CD2Cl2) δH 7.08 (4H, m, Ar CH), 1.55 (36H, d, 
3JHP = 15.4 Hz, 
CH3); 13C{1H} NMR (100 MHz; CD2Cl2) δC 145.2 (m, Ar C), 129.1 (s, Ar CH), 126.1 
(s, Ar CH), 45.3 (m, C(CH3)3), 30.0 (C(CH3)3); 31P{1H} NMR (162 MHz; CD2Cl2) δP 
138.3 (s, 1JPPt
 = 4130 Hz, PtBu2); HR-MS (ESI) m/z cacld. for C22H40ClO2P2Pt [M−Cl]
+ 
= 628.1840, obs. 627.1835; Elem. Anal. (calcd. for C22H40Cl2O2P2Pt) C 39.82 (39.77), 
H 6.23 (6.07).  
5.2.3 [Pt(CO)(L2)]  
 
 
A solution of L2 (250 mg, 0.5 mmol) in toluene (5 mL) was added dropwise to a solution 
of Pt(nbe)3 (200 mg, 0.5 mmol) in toluene (5 mL) at −78 °C. After 2 h stirring at −78 °C 
a yellow suspension formed. The reaction was left to warm to room temperature and stir 
overnight. CO was bubbled through the suspension for 20 min during which time the 
reaction mixture changed to a dark orange solution. This solution was filtered to remove 
any Pt(0) nanoparticles. The solvent was removed in vacuo and the solid redissolved in 
toluene (5 mL). CO was bubbled through for 20 min, solvent removed in vacuo and 
redissolved in toluene (5 mL). This CO/vacuum cycle was repeated five times. The 




product was extracted with pentane (3 x 3 mL) and recrystallisation from this solution at 
−78 °C yielded orange crystals (164 mg, 61%). Crystals suitable for X-ray analysis were 
obtained from a saturated solution in pentane at −40 °C.  
1H NMR (500 MHz; d8-toluene) δH 7.03 (2H, m, Ar CH), 6.69 (2H, m, Ar CH), 1.28 
(36H, br d, 3JHP = 14.0 Hz, CH3); 13C{1H} NMR (125 MHz; d8-toluene) δC 147.4 (m, 
Ar C), 128.0 (br s, Ar CH), 124.5 (br s, Ar CH), 42.4 (app t, JCP = 5.1 Hz, JCPt = 75.3 Hz, 
CCH3), 29.5 (m, CCH3); 31P{1H} NMR (202 MHz; d8-toluene) δP 218.2 (s, JPPt = 4062 
Hz, PtBu2); HR-MS (ESI) m/z calcd. for C23H41O3P2Pt [M+H]
+ = 622.2176, obs. 
622.2169; Elem. Anal. (calcd. for C23H40O3P2Pt) C 44.81 (44.44), H 6.57 (6.49); IR νCO 
1933 cm-1. 
5.2.4 [Pt(13CO)(L2)]   
 
A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (30.5 mg, 0.049 
mmol) in d8-toluene (0.7 mL). The solution was frozen in liquid nitrogen and the tube 
was evacuated. The solution was thawed and allowed to warm to room temperature. The 
tube was backfilled with 13CO (1.2 bar). The solution was mixed and left for 5 min before 
removing the solvent in vacuo. The solid was redissolved in d8-toluene. This cycle was 
repeated three more times to ensure majority of the 12CO had been exchanged for 13CO. 
This species was confirmed in solution by NMR spectroscopy only.  
1H NMR (500 MHz; d8-toluene) δH 7.03 (2H, m, Ar CH), 6.69 (2H, m, Ar CH), 1.29 
(36H, br d, 3JHP = 14.1 Hz, CH3); 13C{1H} NMR (125 MHz; d8-toluene) δC 228.8 (t, 
2JCP 
= 56.5 Hz, 1JCPt = 1964 Hz, Pt
13CO), 147.4 (m, Ar C), 128.0 (br s, Ar CH), 124.5 (br s, 
Ar CH), 51.1 (app t, JCP = 5.4 Hz, JCPt = 75.0 Hz, CCH3), 38.2 (m, CCH3); 31P{1H} NMR 
(202 MHz; d8-toluene) δP 218.2 (d, 
2JPC = 56.5 Hz,  
1JPPt = 4062 Hz, P
tBu2). 






A solution of L1 (331 mg, 0.84 mmol) in toluene (8 mL) was added dropwise to a solution 
of Pt(nbe)3 (400 mg, 0.84 mmol) in toluene (8 mL) at −78 °C. After 2 h stirring at  
−78 °C, the reaction was left to warm to room temperature and stir overnight. CO was 
bubbled through the solution for 20 min during which time the reaction mixture changed 
to a dark orange solution. This solution was filtered to remove any Pt(0) nanoparticles. 
The solvent was removed in vacuo and the solid redissolved in toluene (5 mL). CO was 
bubbled through for 20 min and the solvent was removed in vacuo and redissolved in 
toluene (5 mL). This CO/vacuum cycle was repeated twice more to yield an orange solid. 
The product was extracted with pentane (3 x 5 mL) and recrystallisation from this 
solution at −78 °C yielded orange crystals (351 mg, 68%). Crystals suitable for X-ray 
analysis were obtained from a saturated solution in pentane at −40 °C. NMR data is in 
agreement with literature.9   
1H NMR (500 MHz; d8-toluene) δH 7.12 (2H, m, Ar CH), 6.91 (2H, m, Ar CH), 3.50 
(2H, br, CH2), 1.22 (36H, m, CH3); 13C{1H} NMR (125 MHz; d8-toluene) δC 137.9 (m, 
Ar C), 133.7 (br s, Ar CH), 125.5 (br s, Ar CH), 37.0 (br, CH2), 32.3 (s, CCH3), 29.8 (s, 
CCH3); 31P{1H} NMR (202 MHz; d8-toluene) δP 69.7 (s, 




A Youngs NMR tube was charged with a solution of [Pt(CO)(L1)] (29.6 mg, 0.048 
mmol) in d8-toluene (0.7 mL). The solution was frozen in liquid nitrogen and the tube 
was evacuated. The solution was thawed and allowed to warm to room temperature. The 




tube was backfilled with 13CO (1.2 bar). The solution was mixed and left for 5 min before 
removing the solvent in vacuo. The solid was redissolved in d8-toluene. This cycle was 
repeated three more times to ensure most of the 12CO had been exchanged for 13CO. This 
species was confirmed in solution by NMR spectroscopy only. NMR data is in agreement 
with literature.9  
1H NMR (500 MHz; d8-toluene) δH 7.11 (2H, m, Ar CH), 6.91 (2H, m, Ar CH), 3.49 
(2H, br, CH2), 1.22 (36H, m, CH3); 13C{1H} NMR (125 MHz; d8-toluene) δC 224.7 (t, 
JCP = 44.1 Hz, JCPt = 2095 Hz, Pt-
13CO), 135.0 (m, Ar C), 130.8 (br s, Ar CH), 122.7 (br 
s, Ar CH), 33.9 (br, CH2), 29.4 (br s, CCH3), 26.9 (m, CCH3); 31P{1H} NMR (202 MHz; 
d8-toluene) δP 69.7 (d, 
2JPC = 44.1 Hz, 
1JPPt = 3680 Hz, P
tBu2).   
5.2.7 [Pt(13CO)2(L2)]   
 
A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (29.4 mg, 0.048 
mmol) in d8-toluene (0.7 mL). The solution was frozen in liquid nitrogen and the tube 
was evacuated. The solution was thawed and allowed to warm to room temperature. The 
tube was backfilled with 13CO (1.2 bar). The solution changed from bright orange to pale 
yellow. The product was not isolated as it reverts to [Pt(13CO)(L2)] upon removal of 
solvent. 
13C{1H} NMR (75 MHz; d8-toluene; −80 °C) δC 185.1 (t, 
2JCP = 15.8 Hz, 
1JCPt = 1756 
Hz, Pt13CO); 31P{1H} NMR (122 MHz; d8-toluene; −80 °C) δP 176.4 (t,
2JPC = 15.9 Hz, 
1JPPt = 3578 Hz, P
tBu2). 















A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (31.0 mg, 0.050 
mmol) and B(C6F5)3 (25.5 mg, 0.050 mmol) in d5-chlorobenzene (0.7 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with H2 (1 
bar) and shaken. A colour change from orange to bright pink was observed over 30 min, 
which intensified over time. Three cationic (2.4-2.6) and two anionic species (2.7-2.8) 
were identified in solution.  
2.4: 1H NMR (500 MHz; d5-PhCl) δH 6.99-6.77 (4H, m, Ar CH), 1.11-1.02 (36H, m, 
CCH3), −4.15 (1H, dd, 
1JHPt
 = 755 Hz, 2JHP(trans) = 159 Hz, 
2JHP(cis) = 24.3 Hz, Pt-H); 
31P{1H} NMR (202 MHz; d5-PhCl) δP 174.5 (d, 
1JPPt
 = 3301 Hz, 2JPP = 15.0 Hz, P
tBu2), 
163.0 (d, 1JPPt
 = 2294 Hz, 2JPP = 15.0 Hz, P
tBu2).  
2.5: 1H NMR (500 MHz; d5-PhCl) δH 6.99-6.77 (4H, m, Ar CH), 1.27-1.16 (36H, m, 
CCH3), −1.92 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 475 Hz, 2JHP = 38 Hz, Pt(μ-H)Pt); 31P{1H} 
NMR (202 MHz; d5-PhCl) δP 182.2 (m, 
1JPPt
 = 4029 Hz, 2JPPt = 131 Hz, 
3JPP = 38 Hz, 
PtBu2). 
2.6: 1H NMR (500 MHz; d5-PhCl) δH 6.99-6.77 (4H, m, Ar CH), 1.27-1.16 (36H, m, 
CCH3), −5.72 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 393 Hz, 2JHP = 41.3 Hz, Pt(μ-H)3Pt); 31P{1H} 
NMR (202 MHz; d5-PhCl) δP 185.6 (m, 
1JPPt
 = 3459 Hz, 2JPPt = 153 Hz, 
3JPP = 10.1 Hz, 





2.7: 1H NMR (500 MHz; d5-PhCl) δH 3.94 (br q, 
1JHB = 80.1 Hz, BH); 11B{1H} NMR 
(128 MHz; d5-PhCl) δB −27.7 (br s, BH); 19F NMR (471 MHz; d5-PhCl) δF −131.5 (6F, 
br, o-C6F5), −163.9 (3F, br, p-C6F5), −166.2 (6F, br, m-C6F5).  
2.8: 1H NMR (500 MHz; d5-PhCl) δH 10.80 (br s, CH); 11B{1H} NMR (128 MHz; d5-
PhCl) δB −2.4 (br, OB), −16.7 (br s, BCO); 19F NMR (471 MHz; d5-PhCl) δF  −130.3 
(6F, br, o-C6F5), −132.6 (6F, br, o-C6F5), −157.6 (3F, br, p-C6F5), −159.2 (3F, br, p-
C6F5), −164.8 (6F, br, m-C6F5), −165.2 (6F, br, m-C6F5). 










A Youngs NMR tube was charged with a solution of [Pt(13CO)(L2)]  (20.0 mg, 0.032 
mmol) and B(C6F5)3 (16.4 mg, 0.032 mmol) in d5-chlorobenzene (0.7 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with H2 (1 
bar) and shaken. A colour change from orange to a bright pink was observed over 30 min 
which intensified over time. Three cationic (2.4-2.6) and two anionic species (2.7-2.8) 
were identified in solution.   
2.4: 1H NMR (500 MHz; d5-PhCl) δH 6.99-6.77 (4H, m, Ar CH), 1.11-1.02 (36H, m, 
CCH3), −4.15 (1H, ddd, 
1JHPt
 = 755 Hz, 2JHP(trans) = 159 Hz, 
2JHP(cis) = 24.3 Hz, 
2JHC = 3.5 
Hz, PtH); 13C{1H} NMR (125 MHz; d5-PhCl) δC 178.4 (dd, 
1JCPt = 1212 Hz, 
2JCP = 124 
Hz, 2JCP = 6.2 Hz, Pt
13CO); 31P{1H} NMR (202 MHz; d5-PhCl) δP 174.5 (d, 
1JPPt
 = 3301 




Hz, 2JPP = 15.0 Hz, P
tBu2), 163.0 (d, 
1JPPt
 = 2294 Hz, 2JPP = 15.0 Hz, P
tBu2).  
2.5: 1H NMR (500 MHz; d5-PhCl) δH 6.99-6.77 (4H, m, Ar CH), 1.27-1.16 (36H, m, 
CCH3), −1.92 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 475 Hz, 2JHP = 38 Hz, 
2JH13C = 4.5 Hz, Pt(μ-
H)Pt); 13C{1H} NMR (125 MHz; d5-PhCl) δC 231.6 (1:8:18:8:1 ququ, 
1JCPt = 753 Hz, 
2JCP = 38 Hz, Pt(μ-
13CO)Pt) ; 31P{1H} NMR (202 MHz; d5-PhCl): δP 182.2 (m, 
1JPPt
 = 
4029 Hz, 2JPPt = 131 Hz, 
3JPP = 38 Hz, P
tBu2).   
2.6: 1H NMR (500 MHz; d5-PhCl) δH 6.99-6.77 (4H, m, Ar CH), 1.27-1.16 (36H, m, 
CCH3), −5.72 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 393 Hz, 2JHP = 41.3 Hz, Pt(μ-H)Pt); 31P{1H} 
NMR (202 MHz; d5-PhCl) δP 185.6 (m, 
1JPPt
 = 3459 Hz, 2JPPt = 153 Hz, 
3JPP = 10.1 Hz, 
PtBu2).  
2.7: 1H NMR (500 MHz; d5-PhCl) δH 3.94 (br q, 
1JHB = 80.1 Hz, BH); 11B{1H} NMR 
(128 MHz; d5-PhCl) δB −27.7 (br s, BH); 19F NMR (471 MHz; d5-PhCl) δF −131.5 (6F, 
br, o-C6F5), −163.9 (3F, br, p-C6F5), −166.2 (6F, br, m-C6F5).  
2.8: 1H NMR (500 MHz; d5-PhCl) δH 10.80 (br d, 
1JHC = 151 Hz, 
13CH11B{1H} NMR 
(128 MHz; d5-PhCl) δB −2.4 (br, OB), −16.7 (br d, 
1JBC = 49 Hz, B
13C); ); 13C{1H} NMR 
(125 MHz; d5-PhCl) δC 249.2 (br q, 
1JCB = 53 Hz, B
13CO); 19F NMR (471 MHz; d5-
PhCl) δF −130.3 (6F, br, o-C6F5), −132.6 (6F, br, o-C6F5), −157.6 (3F, br, p-C6F5), 
−159.2 (3F, br, p-C6F5), −164.8 (6F, br, m-C6F5), −165.2 (6F, br, m-C6F5).  
5.2.10 Reaction of [Pt(13CO)(L1)]/B(C6F5)3 with H2  
 




A Youngs NMR tube was charged with a solution of [Pt(13CO)(L1)]  (18.4 mg, 0.030 
mmol) and B(C6F5)3 (15.3 mg, 0.030 mmol) in d5-chlorobenzene (0.7 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with H2 (1 
bar) and shaken. A colour change from orange to a pale yellow was observed over 16 h. 
Three cationic (2.11-2.13) and two anionic species (2.7-2.8) were identified in solution 
after 15 minutes.  
2.9: 1H NMR (500 MHz; d5-PhCl) δH 7.20-7.02 (4H, m, ArCH), 3.71-3.10 (br, 4H, 
PCH2), 1.26-1.09 (36H, m, CCH3), −4.55 (1H, dd, 
1JHPt
 = 734 Hz, 2JHP(trans) = 145 Hz, 
2JHP(cis) = 16 Hz, PtH); 13C{1H} NMR (125 MHz; d5-PhCl) δC 178.2 (dd, 
1JCPt = 1305 
Hz, 2JCP = 113 Hz, 
2JCP = 8.8 Hz, Pt
13CO); 31P{1H} NMR (122 MHz; d5-PhCl) δP 43.4 
(d, 1JPPt
 = 2987 Hz, 2JPP = 19 Hz), 34.2 (d, 
1JPPt
 = 2004 Hz, 2JPP = 19 Hz).  
2.10: 1H NMR (500 MHz; d5-PhCl) δH 7.20-7.02 (4H, m, ArCH), 3.71-3.10 (br, 4H, 
PCH2), 1.08-0.93 (36H, m, CCH3), −5.75 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 496 Hz, 2JHP = 35 
Hz, Pt(µ-H)Pt); 13C{1H} NMR (125 MHz; d5-PhCl) δC 212.88 (1:8:18:8:1 ququ, 
1JCPt = 
805 Hz, 2JCP = 33 Hz, Pt(µ-
13CO)Pt); 31P{1H} NMR (122 MHz; d5-PhCl) δP 46.4 (m, 
1JPPt
 = 3755 Hz, 2JPPt = 144 Hz, 
3JPP = 23 Hz).  
2.11: 1H NMR (500 MHz; d5-PhCl) δH 6.99-6.77 (4H, m, ArCH), 1.27-1.16 (36H, m, 
CCH3), −7.48 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 393 Hz, 2JHP = 41 Hz, Pt(µ-H)3Pt); 31P{1H} 
NMR (122 MHz; d5-PhCl) δP 50.8 (br).  
2.7: 1H NMR (400 MHz; d5PhCl) δH 3.94 (br q, 
1JHB = 80 Hz, BH); 11B{1H} NMR (96 
MHz; d5-PhCl) δB −27.7 (br s, BH); 19F NMR (376 MHz; d5-PhCl) δF −131.5 (6F, br, 
o-C6F5), −163.9 (3F, br, p-C6F5), −166.2 (6F, br, m-C6F5).   
2.8: 1H NMR (400 MHz; d5-PhCl) δH  10.80 (br d, 
1JHC = 151 Hz, 
13CH); 11B{1H} NMR 
(96 MHz; d5-PhCl) δB −2.4 (br, OB), −16.7 (br s, B
13C); 13C{1H} NMR (125 MHz; d5-
PhCl) δC 249.2 (br q, 
1JCB = 51Hz, B
13CO); 19F NMR (376 MHz; d5-PhCl) δF  −130.3 
(6F, br, o-C6F5), −132.6 (6F, br, o-C6F5), −157.6 (3F, br, p-C6F5), −159.2 (3F, br, p-
C6F5), −164.8 (6F, br, m-C6F5), −165.2 (6F, br, m-C6F5).  




5.2.11  Reaction of [Pt(CO)(L2)]/B(C6F5)3 with C2H4  
 
A Youngs NMR tube was charged with a solution of [PtCO(L2)] (17.2 mg, 0.028 mmol) 
and B(C6F5)3 (14.2 mg, 0.028 mmol) in d5-chlorobenzene (0.7 mL). The orange solution 
was frozen in liquid nitrogen and the tube was evacuated. The solution was thawed and 
allowed to warm to room temperature. The tube was backfilled with C2H4 (1 bar) and 
shaken. A colour change from orange to pale pink was observed over 1 h and species 
2.15 was identified in solution.   
1H NMR (400 MHz; d5-PhCl) δH 6.94-6.70 (4H, m, Ar CH), 2.87 (2H, br m, BCCH2), 
1.90 (2H, br m, PtCH2), 1.19-1.08 (36H, m, CCH3); 11B{1H} NMR (128 MHz; d5-PhCl) 
δB −22.0 (br s, CB(C6F5)3); 19F NMR (376 MHz; d5-PhCl) δF −137.2 (6F, br, o-C6F5), 
−167.1 (3F, br, p-C6F5), −172.1 (6F, br,  m-C6F5); 31P{1H} NMR (162 MHz; d5-PhCl) 
δP 173.4 (d, 
1JPPt
 = 2219 Hz, 2JPP = 15.0 Hz, P
tBu2), 137.5 (d, 
1JPPt
 = 4662 Hz, 2JPP = 15.0 
Hz, PtBu2).  
5.2.12 Reaction of [Pt(13CO)(L2)]/B(C6F5)3 with C2H4  
 
A Youngs NMR tube was charged with a solution of [Pt(13CO)(L2)] (15.8 mg, 0.025 
mmol) and B(C6F5)3 (13.0 mg, 0.025 mmol) in d5-chlorobenzene (0.7 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with C2H4 (1 
bar) and shaken. A colour change from orange to pale pink was observed over 1 h and 
species 2.15 was identified in solution.  
1H NMR (400 MHz; d5-PhCl) δH 6.94-6.70 (4H, m, Ar CH), 2.87 (2H, br m, BCCH2), 
1.90 (2H, br m, PtCH2), 1.19-1.08 (36H, m, CCH3); 11B{1H} NMR (128 MHz; d5-PhCl) 




δB −22.0 (br d, 
1JBC = 52.4 Hz, 
13CB(C6F5)3); 13C{1H} NMR (100 MHz; d5-PhCl) δC 
278.7 (br q, 1JCB = 52.4 Hz, B
13CO); 19F NMR (471 MHz; d5-PhCl) δF −137.2 (6F, br, 
o-C6F5), −167.1 (3F, br, p-C6F5), −172.1 (6F, br, m-C6F5); 31P{1H} NMR (162 MHz; 
d5-PhCl) δP 173.4 (d, 
1JPPt
 = 2219 Hz, 2JPP = 15.2 Hz, P
tBu2), 137.5 (d, 
1JPPt
 = 4662 Hz, 
2JPP = 15.2 Hz, P
tBu2).  




A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (25.4 mg, 0.041 
mmol) in d8-toluene (0.7 mL). The solution was frozen in liquid nitrogen and the tube 
was evacuated. The solution was thawed and allowed to warm to room temperature. The 
tube was backfilled with C2H4 (1.2 bar). The solution was shaken and left for 5 min before 
removing the solvent in vacuo. The solid was redissolved in d8-toluene. This cycle was 
repeated twice more. This species was confirmed in solution by NMR spectroscopy only. 
1H NMR (400 MHz; d8-toluene) δH 7.06 (2H, m, Ar CH), 6.72 (2H, m, Ar CH), 2.04 
(4H, m, 1JHPt = 55.6 Hz), 1.29 (36H, br d, 
3JHP = 14.1 Hz, CH3); 13C{1H} NMR (100 
MHz; d8-toluene) δC 147.7 (m, Ar C), 127.3 (s, Ar CH), 124.3 (br s, Ar CH), 42.4 (m, 
CCH3), 29.5 (m, CCH3); 31P{1H} NMR (162 MHz; d8-toluene) δP 198.0 (s, 
1JPPt = 3840 
Hz, PtBu2). 
5.2.14  Reaction of [Pt(CO)(L1)]/B(C6F5)3 with 
Phenylacetylene, 2.15   
A Youngs NMR tube was charged with a solution of [Pt(CO)(L1)] (20.0 mg, 0.032 
mmol) and B(C6F5)3 (16.6 mg, 0.032 mmol) in d5-chlorobenzene (0.7 mL). 
Phenylacetylene was added in excess (ca. 30 μl) and an instant colour change from bright 
orange to a dark reddy brown colour was observed. Species 2.15 was identified in 
solution.  




1H NMR (400 MHz; d5-PhCl) δH 7.12-6.96 (5H, m PhCC), 7.12-6.96 (4H, m, Ar CH), 
3.73-2.90 (4H, br, PCH2), 1.04-0.91 (36H, m, CCH3), −4.15 (1H, dd, 
1JHPt
 = 755 Hz, 
2JHP(trans) = 159 Hz, 
2JHP(cis) = 24 Hz, PtH); 11B{1H} NMR (128 MHz; d5-PhCl) δB −21.1 
(br s, CCB(C6F5)3); 19F NMR (376 MHz; d5-PhCl) δF −138.1 (6F, br, o-C6F5), −170.2 
(3F, br, p-C6F5), −173.5 (6F, br, m-C6F5); 31P{1H} NMR (162 MHz; d5-PhCl) δP 43.4 
(d, 1JPPt
 = 2994 Hz, 2JPP = 19 Hz, P
tBu2), 34.2 (d, 
1JPPt
 = 2018 Hz, 2JPP = 19 Hz, P
tBu2). 






A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (20.0 mg, 0.032 
mmol) and B(C6F5)3 (16.5 mg, 0.032 mmol) in d5-chlorobenzene (0.7 mL). 
Phenylacetylene was added in excess (ca. 30 μl) and an instant colour change from bright 
orange to a dark red colour was observed. Species 2.16 was identified in solution. 
1H NMR (400 MHz; d5-PhCl) δH 7.19-6.73 (5H, m PhCC), 6.99-6.77 (4H, m, Ar CH), 
1.11-1.02 (36H, m, CCH3), −4.15 (1H, dd, 
1JHPt
 = 755 Hz, 2JHP(trans) = 159 Hz, 
2JHP(cis) = 
24 Hz, Pt-H); 11B{1H} NMR (128 MHz; d5-PhCl) δB −21.1 (br s, CCB(C6F5)3); 19F 
NMR (376 MHz; d5-PhCl) δF −138.1 (6F, br, o-C6F5), −170.2 (3F, br, p-C6F5), −173.5 
(6F, br, m-C6F5); 31P{1H} NMR (162 MHz; d5-PhCl) δP 174.5 (d, 
1JPPt
 = 3301 Hz, 2JPP 
= 15.0 Hz, PtBu2), 163.0 (d, 
1JPPt
 = 2294 Hz, 2JPP = 15.0 Hz, P
tBu2). 
5.2.16  Reaction of [Pt(CO)(L1)] and PhCCH 
A Youngs NMR tube was charged with a solution of [Pt(CO)(L1)] (15.0 mg, 0.024 
mmol) in d5-chlorobenzene. Upon addition of excess (ca. 15 μl) of PhCCH there was a 
gradual colour change from orange to pale yellow over 16 h.   
31P{1H} NMR (162 MHz; d5-PhCl) δP 47.3 (d, 
2JPP = 23.6 Hz, 
1JPPt = 3403 Hz, P
tBu2), 
42.5 (d, 2JPP = 23.6 Hz, 
1JPPt = 3443 Hz, P
tBu2). 




5.2.17  Reaction of [Pt(CO)(L2)] and PhCCH 
A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (15.2 mg, 0.024 
mmol) in d5-chlorobenzene. Upon addition of excess (ca. 15 μl) of PhCCH there was a 
gradual colour change from orange to pale yellow over 2 h.  
31P{1H} NMR (162 MHz; d5-PhCl) δP 190.5 (d, 
2JPP = 15.9 Hz, 
1JPPt = 3723 Hz, P
tBu2), 
184.9 (d, 2JPP = 15.9 Hz, 
1JPPt = 3672 Hz, P
tBu2). 





A Youngs NMR tube was charged with [Pt(CO)(L1)] (18.5 mg, 0.030 mmol) and 
B(C6F5)3 (15.3 mg, 0.030 mmol) and degassed, undried chlorobenzene was vacuum 
transferred into the NMR tube to form an orange solution. NMR spectroscopy data was 
recorded before and after the addition of one drop (ca. 5 μl) of degassed, deionised H2O 
under N2.   
11B{1H} NMR (128 MHz; PhCl) δB −3.43 (s, HOB); 19F NMR (376 MHz; PhCl) δF 
−134.8 (6F, d, J = 24.3 Hz, o-C6F5), −162.8 (3F, t, J = 20.5 Hz, p-C6F5), −16.0 (6F, br t, 
J = 21.8 Hz, m-C6F5); 31P{1H} NMR (162 MHz; PhCl) δP 43.4 (d, 
1JPPt
 = 2994 Hz, 2JPP 
= 19 Hz, PtBu2), 34.2 (d, 
1JPPt
 = 2018 Hz, 2JPP = 19 Hz, P
tBu2). 




5.2.19 Reaction of [Pt(CO)(L2)]/B(C6F5)3 with H2O  
A Youngs NMR tube was charged with [Pt(CO)(L2)] (18.7 mg, 0.030 mmol) and 
B(C6F5)3 (15.7 mg, 0.030 mmol) and degassed, undried chlorobenzene was vacuum 
transferred into the NMR tube to form an orange solution. NMR spectroscopy data was 
recorded before and after the addition of one drop (ca. 5 μl) of degassed, deionised H2O 
under N2.  
11B{1H} NMR (128 MHz; PhCl) δB 18.6 (s), −3.43 (s, HO-B); 19F NMR (376 MHz; 
PhCl) δF −134.8 (6F, d, J = 24.3 Hz, o-C6F5), −162.8 (3F, t, J = 20.5 Hz, p-C6F5), −16.0 
(6F, br t, J = 21.8 Hz, m-C6F5); 31P{1H} NMR (162 MHz; PhCl) δP 182.2 (m, 
1JPPt
 = 4029 Hz, 2JPPt = 131 Hz, 
3JPP = 38 Hz, P
tBu2 of 2.7), 174.5 (d, 
1JPPt
 = 3301 Hz, 
2JPP = 15.0 Hz, P
tBu2 of 2.6), 163.0 (d, 
1JPPt
 = 2294 Hz, 2JPP = 15.0 Hz, P
tBu2 of 2.6). 
5.2.20  Reaction of [Pt(CO)(L1)]/B(C6F5)3 with THF 
 
A Youngs NMR tube was charged with a solution of [Pt(CO)(L1)] (21.7 mg, 0.035 
mmol) and B(C6F5)3 (18.0 mg, 0.035 mmol) in d5-chlorobenzene. An excess (ca. 5 μl) of 
THF was added and no colour change was observed.   
11B{1H} NMR (128 MHz; d5-PhCl) δB 2.10 (br s, BO); 31P{1H} NMR (162 MHz; d5-
PhCl) δP 70.2 (s, JPPt = 3645 Hz, P
tBu2). 




5.2.21  Reaction of [Pt(CO)(L2)]/B(C6F5)3 with THF 
 
A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (16.5 mg, 0.027 
mmol) and B(C6F5)3 (13.6 mg, 0.027 mmol) in d5-chlorobenzene. An excess (ca. 5 μl) of 
THF was added and no colour change was observed.   
11B{1H} NMR (128 MHz; d5-PhCl) δB 2.10 (br s, BO); 31P{1H} NMR (162 MHz; d5-




















5.3 Chapter 3 Experimental 
5.3.1 1,2-bis((dicyclohexylphosphanyl)oxy)benzene (L3) 
 
Catechol (125 mg, 1.13 mmol) in THF (5 mL) was added dropwise at room temperature 
to a suspension of NaH (60 mg, 2.49 mmol) in THF (4 mL). A white suspension and 
effervescence was seen. Dicyclohexylchlorophosphine (0.5 mL, 2.26 mmol) was added 
to the reaction mixture dropwise. After stirring for 3 h at room temperature the reaction 
mixture was filtered through celite under N2 (extra care was taken to exclude water 
traces). The solvent was removed in vacuo to yield an oily solid. Recrystallisation from 
hexane at −20 °C yielded white crystals (368 mg, 65%). Crystals suitable for X-ray 
analysis were obtained from a saturated solution in hexane at −40 °C.  
1H NMR (500 MHz; C6D6) δH 7.50 (2H, m, Ar CH), 6.84 (2H, m, Ar CH), 2.15-2.01 
(4H, m, Cy CH2/CH), 1.88-1.53 (24H, m, Cy CH2/CH), 1.44-1.14 (16H, m, Cy CH2/CH); 
13C{1H} NMR (126 MHz; C6D6) δC 150.5 (dd, J = 8.8, 2.1 Hz, Ar C), 122.0 (s, Ar CH), 
119.4 (d, J = 18.7 Hz, Ar CH), 38.7 (d, J = 19.1 Hz, Cy CH), 28.3 (d, J = 18.3 Hz, Cy 
CH2), 27.5-27.2 (m, Cy CH2), 26.8 (d, J = 1.0 Hz, Cy CH2); 31P{1H} NMR (202 MHz; 
C6D6) δP 144.9 (s, P
tBu2); HR-MS (ESI) m/z calcd. for C30H48O2P2Na for [M+Na]
+ = 








5.3.2 [PtCl2(L3)] (3.1) 
 
[PtCl2(COD)] (25.0 mg, 0.067 mmol) and L3 (37 mg, 0.067 mmol) were dissolved in 
DCM (0.6 mL) in a Youngs NMR tube. After 1 h, 31P{1H} NMR confirmed complete 
complexation. The complex was precipitated in hexane to give a white solid (46 mg, 
90%). Crystals suitable for X-ray analysis were obtained by slow diffusion of hexane into 
a DCM solution of the product.  
1H NMR (500 MHz; CD2Cl2) δH 7.15 (4H, m, Ar H), 2.62 (4H, m, Cy CH), 2.29 (4H, 
m, Cy CH2/CH), 1.90-1.65 (20H, m, Cy CH2/CH), 1.40-1.20 (16H, m, Cy CH2/CH); 
13C{1H} NMR (126 MHz; CD2Cl2) δC 144.5 (dd, JCP = 2.4, 11.5 Hz, Ar C), 126.6 (br s, 
Ar CH), 124.3 (br s, Ar CH), 40.7 (d, JCP = 39.1 Hz, Cy CH), 29.0 (m, Cy CH2), 27.6 (d, 
JCP = 14.3 Hz, Cy CH2), 26.8 (d, JCP = 12.5 Hz, Cy CH2), 26.5 (s, Cy CH2); 31P{1H} 
NMR (202 MHz; CD2Cl2) δP 123.0 (s, JPPt
 = 3996 Hz, PCy2). HR-MS (ESI): m/z calcd. 
for C30H48Cl2O2P2Pt [M+Na]
+ = 791.6327, obs. 791.2015.  
5.3.3 [Pt(nbe)(L3)] 
 
A Youngs NMR tube was charged with a solution of Pt(nbe)3 (13.3 mg, 0.028 mmol) and 
L3 (14.0 mg, 0.028 mmol) in d8-toluene (0.7 mL). The solution was left to react overnight 
to give a colourless solution. This species was confirmed in solution by NMR 
spectroscopy only.  
1H NMR (400 MHz; d8-toluene) δH 7.01-6.69 (m, Ar CH), 2.34 (br m, JHPt = 55.6 Hz), 
2.23-0.90 (52H, m, Cy CH2/CH and nbe CH2/CH); 31P{1H} NMR (162 MHz; d8-
toluene) δP 181.0 (s, 
1JPPt = 3584 Hz, PCy2). 






A Youngs NMR tube was charged with a solution of Pt(nbe)3 (13.3 mg, 0.028 mmol) and 
L3 (14.0 mg, 0.028 mmol) in d8-toluene (0.7 mL). The solution was frozen in liquid 
nitrogen and the tube was evacuated. The solution was thawed and allowed to warm to 
room temperature. The tube was backfilled with 13CO (1.2 bar). The solution changed 
from colourless to pale yellow. The product was not isolated as it reverts to [Pt(nbe)(L3)] 
upon removal of solvent.  
13C{1H} NMR (75 MHz; d8-toluene; −60 °C) δC 183.4 (t, 
2JCP = 15.7 Hz, 
1JCPt = 1743 
Hz, Pt13CO); 31P{1H} NMR (122 MHz; d8-toluene; −60 °C) δP 151.2 (t,
2JCP = 15.7 Hz, 
1JPPt = 3569 Hz, P
tBu2). 
5.3.5 1,2-bis(dicyclohexylphosphino)xylene (L4) 
 
KOtBu (1.27 g, 11.3 mmol) was added to a solution of o-xylene (620 μl, 5.15 mmol) in 
Et2O (5mL). The white suspension was cooled to −78 °C and n-BuLi (~1.6M in hexanes, 
7.4 mL, 11.8 mmol) was added dropwise whilst maintaining the temperature. The intense 
orange coloured solution was allowed to warm to room temperature and then refluxed 
for 2 h. The reaction mixture was then cooled again to −78 °C and a solution of ClPCy2 
(2.5 mL, 11.3 mmol) in Et2O (5 mL) was added dropwise and the temperature was 
maintained for 1 h. The reaction was warmed to room temperature and degassed H2O 




was added slowly. The product was extracted with DCM (4 x 8 mL) and the organic 
fractions combined and dried over Na2SO4. The crude product was washed with hot 
MeOH to yield L4 as a white solid (934 mg, 36%). Data is in agreement with literature.10 
1H NMR (400 MHz; CDCl3) δH 7.14 (2H, m, Ar CH), 7.05 (2H, m, Ar CH), 3.03 (4H, 
br s, PCH2), 1.88-1.63 (20H, m, Cy CH2/CH), 1.57-1.47 (4H, m, Cy CH2/CH), 1.34-1.12 
(20H, m, Cy CH2/CH); 31P{1H} NMR (162 MHz; CDCl3) δP −2.86 (s, PCy2).   
5.3.6 [Pt(13CO)2(L4)] 
 
A Youngs NMR tube was charged with a solution of Pt(nbe)3 (26.5 mg, 0.055 mmol) and 
L4 (27.7 mg, 0.055 mmol) in d8-toluene (0.7 mL). The solution was frozen in liquid 
nitrogen and the tube was evacuated. The solution was thawed and allowed to warm to 
room temperature. The tube was backfilled with 13CO (1.2 bar). The solution changed 
from colourless to pale yellow. The product was not isolated as it reverts to [Pt(nbe)(L4)] 
upon removal of solvent.    
13C{1H} NMR (75 MHz; d8-toluene; −60 °C) δC 184.1 (t, 
2JCP = 11.4 Hz, 
1JCPt = 1820 
Hz, Pt-13CO); 31P{1H} NMR (122 MHz; d8-toluene; −60 °C) δP 0.37 (t,
2JCP = 11.3 Hz, 
1JPPt = 3114 Hz, P
tBu2). 
5.3.7 1,2-bis(diphenylphosphino)xylene (L5) 
 




KPPh2 (0.5 M in THF, 5.03 mL, 2.51 mmol) was added dropwise to a solution of α,α’-
dichloro-o-xylene (200 mg, 1.14 mmol) in THF (10 mL) at −78 °C and the reaction was 
stirred for 24 h at room temperature. Degassed, deionised H2O (1 mL) was added to the 
reaction to quench any remaining KPPh2 and the solution was passed through a silica 
column, washing with THF (2 x 10 mL). The volatiles were removed in vacuo and the 
product was washed with hexane (3 x 15 mL) to yield a white solid (0.319 g, 59%). Data 
is in agreement with literature.11   
1H NMR (400 MHz; CDCl3) δH 7.35-7.28 (20H, m, Ph CH), 6.90 (2H, m, Ar CH), 6.73 
(2H, m, Ar CH), 3.30 (4H, s, CH2); 13C{1H} NMR (100 MHz; CDCl3) δC 138.4 (d, 
2JCP = 15.1 Hz, Ar C), 135.1 , Ar CH), 133.2 (d, 
1JCP = 19.1 Hz, Ph C), 130.7 (s, Ar CH), 
128.8 (s, Ph-CH), 128.5 (s, Ph CH), 126.0 (s, Ph CH), 33.4 (d, 1JCP = 17.4, CH2); 
31P{1H} NMR (162 MHz; CDCl3) δP −13.5 (s, PPh2). 
5.3.8 [Pt(CO)2(L5)] 
 
A Youngs NMR tube was charged with a solution of Pt(nbe)3 (28.6 mg, 0.063 mmol) and 
L5 (28.4 mg, 0.060 mmol) in d8-toluene (0.7 mL). The solution was frozen in liquid 
nitrogen and the tube was evacuated. The solution was thawed and allowed to warm to 
room temperature. The tube was backfilled with CO (1.2 bar) and the immediate 
formation of Pt nanoparticles was seen. The solution was filtered to yield a dark red 
solution. Attempts to isolate the product led to further degradation.    
1H NMR (400 MHz; d8-toluene) δH 7.63-7.51 (8H, m, Ph CH), 7.15-7.03 (12H, m, Ph 
CH), 6.62 (2H, m, Ar CH), 6.10 (2H, m, Ar CH), 3.62 (4H, m, CH2); 31P{1H} NMR (162 
MHz; d8-toluene) δP −9.2 (br s, 
1JPPt = 3335 Hz, PPh2); νCO (d8-toluene) 1997, 1953  
cm-1. 







CgPH.BH3 (500 mg, 2.17 mmol) in THF (15 mL) was cooled to −78 °C and n-BuLi 
(~1.6M in hexanes, 1.63 mL, 2.61 mmol) was added dropwise to form a yellow solution. 
The reaction mixture was allowed to warm to room temperature and stirred for 30 min. 
The solution was cooled back to −78 °C and a solution of α,α’-dichloro-o-xylene (190 
mg, 1.09 mmol) in THF (5 mL) was added dropwise. The reaction mixture was allowed 
to warm to room temperature and left to stir overnight. HNEt2 (4 mL) was added and the 
reaction mixture was left to stir for 24 h. The solvent was removed, and the product was 
extracted with Et2O (3 x 40 mL) and the solvent was removed in vacuo to yield the 
desired product as a white solid (473 mg, 81%).   
1H NMR (400 MHz; CDCl3) δH 7.27 (4H, m, Ar CH), 7.11 (2H, m, Ar CH), 3.41 (2H, 
dd, J = 14.4, 2.1 Hz, PCH2), 3.23 (2H, br d, J = 14.3 Hz, PCH2), 2.96 (2H, app dt, J = 
14.3, 2.5 Hz, PCH2), 2.79 (2H, dd, J = 14.4, 2.4 Hz, PCH2), 2.01-1.77 (12 H, m, Cg CH2),  
1.64 (4H, app dt, J = 13.4, 3.8 Hz, Cg CH2), 1.43 (12H, s, Cg CH3), 1.36 (12H, s, Cg 
CH3), 1.28 (3H, s, Cg CH3), 1.27 (3H, s, Cg CH3), 1.25 (3H, s, Cg CH3), 1.24 (3H, s, Cg 
CH3), 1.19 (3H, s, Cg CH3), 1.16 (3H, s, Cg CH3), 1.10 (3H, s, Cg CH3), 1.07 (3H, s, Cg 
CH3); 13C NMR (100 MHz; CDCl3) δC 136.5 (m, Ar C), 136.2 (Ar C), 131.4 (d, J = 7.4 
Hz, Ar CH), 131.2 (d, J = 8.8 Hz, Ar CH), 126.7 (s, Ar CH), 126.6 (s, Ar CH), 96.8 (m, 
Cg C), 96.1 (m, Cg C), 72.9-72.4 (m, Cg C), 45.2 (s, Cg CH2), 45.0 (s, Cg CH2), 37.4 (s, 
Cg CH2), 37.3 (s, Cg CH2), 28.5-27.8 (m, Cg CH3), 27.6-26.9 (m, Cg CH2 and CgCH3); 
31P NMR (162 MHz; CDCl3) δP 31.2 (s, PCg), 32.3 (s, PCg); HR-MS (ESI) m/z calcd. 
for C28H40NaO6P2 [M+Na]
+ = 557.2198; obs. = 557.2200; Elem. Anal. (calcd. for 
C28H40O6P2) C 63.03 (62.91), H 7.60 (7.54).  




5.3.10  [Pt(CO)(L6)]  
 
A Youngs NMR tube was charged with a solution of Pt(nbe)3 (40.5 mg, 0.076 mmol) and 
L6 (36.2 mg, 0.076 mmol) in d8-toluene (0.7 mL) and left to react overnight. The solution 
was frozen in liquid nitrogen and the tube was evacuated. The solution was thawed and 
backfilled with CO (1 bar) resulting in a colour change to orange. The solvent was 
removed in vacuo and the resulting orange solid was dissolved in toluene. This 
CO/vacuum cycle was repeated 5 more times to ensure complete displacement of nbe. 
This species was confirmed by NMR spectroscopy only.   
31P{1H} NMR (162 MHz; d8-toluene, 25 °C) δP −10.3 (br, 
1JPPt = 3265 Hz, PCg), −11.5 
(br, 1JPPt = 3208 Hz, PCg); 31P{1H} NMR (122 MHz; d8-toluene, −75 °C) δP −9.9 (d, 
2JPP = 19.9 Hz, 
1JPPt = 3261 Hz, rac-PCg), −13.6 (d, 
2JPP = 19.9 Hz, 
1JPPt = 3261 Hz, rac-




4-tert-Butylcatechol (350 mg, 2.11 mmol) in THF (5 mL) was added dropwise at room 
temperature to a suspension of NaH (101 mg, 4.21 mmol) in THF (4 mL). A white 
suspension and effervescence was seen. Di-tert-butylchlorophosphine (0.8 mL, 4.21 
mmol) was added to the reaction mixture dropwise and was heated at 60 °C for 72 h. The 
reaction mixture was filtered through celite under N2 (extra care was taken to exclude 
water traces). The solvent was removed in vacuo to yield an oily solid. Recrystallisation 
from hexane at −20 °C yielded white crystals (598 mg, 62%).   
1H NMR (400 MHz; C6D6) δH 7.86 (1H, dd, JHH = 5.1, 2.3 Hz, Ar CH), 7.65 (1H, dd, 




JHH = 8.6, 4.3 Hz, Ar CH), 6.89 (1H, dd, JHH = 8.6, 2.3 Hz, Ar CH), 1.27 (18H, d, 
3JHP = 
2.7 Hz, PC(CH3)3), 1.24 (18H, d, 
3JHP = 3.3 Hz, PC(CH3)3), 1.22 (9H, s, CH3); 13C{1H} 
NMR (100 MHz; C6D6) δC 149.4 (dd, J = 9.0, 1.6 Hz, Ar C), 147.9 (dd, J = 9.9, 1.6 Hz, 
Ar C), 144.4 (m, Ar C), 118.3 (m, Ar CH), 118.0 (d, J = 22.4 Hz, Ar CH), 116.2 (d, J = 
23.7 Hz, Ar CH), 36.0 (d, J = 7.0 Hz, PC(CH3)3), 35.8 (d, J = 7.2 Hz, PC(CH3)3), 34.6 
(s, C(CH3)3), 31.7 (s, C(CH3)3), 27.8 (d, J = 2.2 Hz, PC(CH3)3), 27.6 (d, J = 2.3 Hz, 
PC(CH3)3); 31P{1H} NMR (162 MHz; C6D6) δP 151.9 (s, P
tBu2), 151.4 (s, P
tBu2); HR-
MS (ESI) m/z calcd. for C26H48O2P2Na for [M+Na]
+ = 477.3027; obs. = 477.3031; Elem. 
Anal. (calcd. for C26H48O2P2) C 66.01 (65.39), H 10.68 (10.13). 
5.3.12 [PtCl2(L8)] 
 
[PtCl2(COD)] (38 mg, 0.10 mmol) and L8 (51 mg, 0.11 mmol) were dissolved in DCM 
(0.6 mL) in a Youngs NMR tube. After 12 hours, 31P{1H} NMR spectroscopy confirmed 
complete complexation. The complex was precipitated in hexane to yield a white solid, 
(68 mg, 94%). Crystals suitable for X-ray analysis were obtained by slow diffusion of 
hexane into a DCM solution of the product.  
1H NMR (400 MHz; CDCl3) δH 7.08 (1H, dd, JHH = 8.6, 2.1 Hz, Ar CH), 6.98-6.91 (2H, 
m, Ar CH), 1.58 (18H, d, 3JHP = 1.7 Hz, PC(CH3)3), 1.54 (18H, d, 
3JHP = 1.7 Hz, 
PC(CH3)3), 1.28 (9H, s, CH3); 13C{1H} NMR (100 MHz; CDCl3) δC 149.4 (s, Ar C), 
144.0 (d, J = 15.5 Hz, Ar C), 142.2 (d, J = 15.5 Hz, Ar C), 122.4 (s, Ar CH), 121.4 (d, J 
= 2.5 Hz, Ar CH), 119.0 (d, J = 2.2 Hz, Ar CH), 44.9 (m, PC(CH3)3), 31.4 (s, C(CH3)3), 
29.8 (d, J = 3.5 Hz, PC(CH3)3); 31P{1H} NMR (162 MHz; CDCl3) δP 135.8 (d, 
2JPP = 
5.0 Hz, 1JPPt = 4145 Hz, P
tBu2), 135.5 (d, 
2JPP = 5.0 Hz, 
1JPPt = 4137 Hz, P
tBu2); HR-MS 
(ESI) m/z calcd. for C26H48ClO2P2Pt for [M−Cl]
+ = 684.2466; obs. = 684.2462; Elem. 
Anal. (calcd. for C26H48Cl2O2P2Pt) C 43.45 (43.34), H 6.89 (6.71).  
5.3.13 Reaction of [Pt(CO)(L1)]/BPh3 with H2  
A Youngs NMR tube was charged with a solution of [Pt(CO)(L1)] (12.1 mg, 0.020 
mmol) and BPh3 (4.7 mg, 0.020 mmol) in chlorobenzene (0.6 mL). The orange solution 




was frozen in liquid nitrogen and the tube was evacuated. The solution was thawed and 
allowed to warm to room temperature. The tube was backfilled with H2 (1 bar) and 
shaken. The solution lightened to a pale orange colour over time.  
1H NMR (400 MHz; PhCl) δH −3.13 (m, 
1JHPt = 1040 Hz, Pt(H)2), −7.48 (1H, 1:8:18:8:1 
ququ, 1JHPt
 = 393 Hz, 2JHP = 41 Hz, Pt(μ-H)3Pt); 11B{1H} NMR (128 MHz; PhCl) δB 
67.4 (br, BPh3), 0.9 (br s); 31P{1H} NMR (162 MHz; PhCl) δP 70.2 (br, w1/2 = 200 Hz, 
2JPPt = 3671 Hz, P
tBu2 of [Pt(CO)(L1)]), 50.8 (br, P
tBu2 of [(L1)Pt(μ-H)3Pt(L1)]), 47.6 
(s, 2JPPt = 2077 Hz, P
tBu2 of [Pt(H)2(L1)]). 
5.3.14 Reaction of [Pt(CO)(L2)]/BPh3 with H2  
A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (11.3 mg, 0.018 
mmol) and BPh3 (4.4 mg, 0.018 mmol) in chlorobenzene (0.6 mL). The orange solution 
was frozen in liquid nitrogen and the tube was evacuated. The solution was thawed and 
allowed to warm to room temperature. The tube was backfilled with H2 (1 bar) and 
shaken. The solution lightened to a pale orange colour over time.  
1H NMR (400 MHz; PhCl) δH −2.12 (m, 
1JHPt = 1040 Hz, Pt(H)2), −5.72 (1H, 1:8:18:8:1 
ququ, 1JHPt
 = 393 Hz, 2JHP = 41.3 Hz, Pt(μ-H)3Pt); 11B{1H} NMR (128 MHz; PhCl) δB 
67.4 (br, BPh3), 1.0 (br s); 31P{1H} NMR (162 MHz; PhCl) δP 218.2 (br, w1/2 = 200 Hz, 
2JPPt = 3940 Hz, P
tBu2 of [Pt(CO)(L2)]), 192.4 (br, P
tBu2 of [(L2)Pt(μ-H)3Pt(L2)]), 185.6 
(m, 1JPPt
 = 3459 Hz, 2JPPt = 153 Hz, 
3JPP = 10.1 Hz, P
tBu2 of [Pt(H)2(L2)]). 
5.3.15 Reaction of [Pt(CO)(L1)]/B(OPh)3 with H2  
A Youngs NMR tube was charged with a solution of [Pt(CO)(L1)] (15.7 mg, 0.025 
mmol) and B(OPh)3 (8.7 mg, 0.025 mmol) in chlorobenzene (0.6 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with H2 (1 
bar) and shaken. The solution lightened to a pale orange colour over time.  
1H NMR (400 MHz; PhCl) δH −3.13 (m, 
1JHPt = 1040 Hz, Pt(H)2), −7.48 (1H, 1:8:18:8:1 
ququ, 1JHPt
 = 393 Hz, 2JHP = 41 Hz, Pt(μ-H)3Pt); 11B{1H} NMR (128 MHz; PhCl) δB 
14.3 (br, B(OPh)3), 0.8 (br s. [B(OPh)4]
-); 31P{1H} NMR (162 MHz; PhCl) δP 50.8 (br, 
PtBu2 of [(L1)Pt(μ-H)3Pt(L1)]), 47.6 (s, 
2JPPt = 2077 Hz, P
tBu2 of [Pt(H)2(L1)]).  




5.3.16 Reaction of [Pt(CO)(L2)]/B(OPh)3 with H2  
A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (15.3 mg, 0.025 
mmol) and B(OPh)3 (8.4 mg, 0.025 mmol) in chlorobenzene (0.6 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with H2 (1 
bar) and shaken. The solution lightened to a pale orange colour over time.  
1H NMR (400 MHz; PhCl) δH −5.72 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 393 Hz, 2JHP = 41.3 
Hz, Pt(μ-H)3Pt); 11B{1H} NMR (128 MHz; PhCl) δB 14.3 (br, B(OPh)3), 0.8 (br s, 
[B(OPh)4]
-); 31P{1H} NMR (162 MHz; PhCl) δP 185.6 (m, 
1JPPt
 = 3459 Hz, 2JPPt = 153 
Hz, 3JPP = 10.1 Hz, P
tBu2 of [(L2)Pt(μ-H)3Pt(L2)]). 
5.3.17 Reaction of [Pt(CO)(L1)]/B(C2H2F3)3 with H2  
A Youngs NMR tube was charged with a solution of [Pt(CO)(L1)] (25.6 mg, 0.041 
mmol) and B(C2H2F3)3 (16.7 mg, 0.041 mmol) in d5-chlorobenzene (0.6 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with H2 (1 
bar) and shaken.  
1H NMR (400 MHz; d5-PhCl) δH 7.57-6.80 (m, Ar CH), 5.86 (br d, J = 4.4 Hz), 3.58 
(br, CH2), 1.41-1.07 (m, C(CH3)3), −4.55 (1H, dd, 
1JHPt
 = 734 Hz, 2JHP(trans) = 145 Hz, 
2JHP(cis) = 16 Hz, [Pt(H)(CO)(L1)]), −7.48 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 393 Hz, 2JHP = 
41 Hz, Pt-H-Pt); 11B{1H} NMR (128 MHz, d5-PhCl) δB −0.3 (br), −8.4 (s), −9.5 (s); 
31P{1H} NMR (162 Hz, d5-PhCl) δP 50.8 (br, P
tBu2 of [(L1)Pt(μ-H)3Pt(L1)]), 43.4 (d, 
1JPPt
 = 2987 Hz, 2JPP = 19 Hz, P
tBu2 of [Pt(H)(CO)(L1)]), 34.2 (d, 
1JPPt
 = 2004 Hz, 2JPP 
= 19 Hz, PtBu2 of [Pt(H)(CO)(L1)]).    
5.3.18 Reaction of [Pt(CO)(L2)]/B(C2H2F3)3 with H2  
A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (25.6 mg, 0.041 
mmol) and B(C2H2F3)3 (16.6 mg, 0.041 mmol) in d5-chlorobenzene (0.6 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with H2 (1 
bar) and shaken.  
1H NMR (400 MHz; d5-PhCl) δH 7.28-6.82 (m, Ar CH), 5.87 (br d, J = 4.4 Hz), 1.27-
1.16 (36H, m, C(CH3)3), −5.72 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 393 Hz, 2JHP = 41.3 Hz, 




Pt(μ-H)Pt); 11B{1H} NMR (128 MHz, d5-PhCl) δB −8.4 (s); 31P{1H} NMR (162 Hz, d5-
PhCl) δP 185.6 (m, 
1JPPt
 = 3459 Hz, 2JPPt = 153 Hz, 
3JPP = 10.1 Hz, P
tBu2).  
5.3.19 Reaction of [Pt(CO)(L1)]/B(C2H2F3)3 with PhCCH 
A Youngs NMR tube was charged with a solution of [Pt(CO)(L1)] (23.2 mg, 0.038 
mmol) and B(C2H2F3)3 (15.2 mg, 0.038 mmol) in d5-chlorobenzene (0.7 mL). 
Phenylacetylene was added in excess (ca. 30 μl).  
1H NMR (400 MHz; d5-PhCl) δH −4.55 (1H, dd, 
1JHPt
 = 734 Hz, 2JHP(trans) = 145 Hz, 
2JHP(cis) = 16 Hz, [Pt(H)(CO)(L1)]); 11B{1H} NMR (128 MHz, d5-PhCl) δB −7.2 (s); 
31P{1H} NMR (162 Hz, d5-PhCl) δP 43.4 (d, 
1JPPt
 = 2987 Hz, 2JPP = 19 Hz, P
tBu2 of 
[Pt(H)(CO)(L1)]), 34.2 (d, 1JPPt
 = 2004 Hz, 2JPP = 19 Hz, P
tBu2 of [Pt(H)(CO)(L1)]).   
5.3.20 Reaction of [Pt(CO)(L2)]/B(C2H2F3)3 with PhCCH 
A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (23.5 mg, 0.038 
mmol) and B(C2H2F3)3 (15.3 mg, 0.038 mmol) in d5-chlorobenzene (0.7 mL). 
Phenylacetylene was added in excess (ca. 30 μl). A colour change to deep red was 
observed. 
1H NMR (400 MHz; d5-PhCl) δH 7.81-6.61 (m, Ar CH), 4.33 (t, J = 8.3 Hz, 
1JPPt = 48 
Hz), 1.47-0.58 (m, C(CH3)3) −4.15 (1H, dd, 
1JHPt
 = 755 Hz, 2JHP(trans) = 159 Hz, 
2JHP(cis) 
= 24.3 Hz, [Pt(H)(CO)(L2)]); 11B{1H} NMR (128 MHz; d5-PhCl) δB −7.3 (s), −12.9 (s); 
31P{1H} NMR (162 MHz; d5-PhCl) δP 199.3 (d, 
1JPPt = 3550 Hz, 
2JPP = 19.4 Hz), 187.8 
(d, 1JPPt = 4301 Hz, 
2JPP = 19.4 Hz), 174.5 (d, 
1JPPt
 = 3301 Hz, 2JPP = 15.0 Hz, P
tBu2 of 
[Pt(H)(CO)(L2)]), 163.0 (d, 1JPPt
 = 2294 Hz, 2JPP = 15.0 Hz, P
tBu2 of [Pt(H)(CO)(L2)]).   
5.3.21 In situ formation of 
[Pt(13CO)(L1)]/[Zr(Cp*)2(OMes)][B(C6F5)4] 
In a glovebox, a solution of [CPh3][B(C6F5)4] (20.9 mg, 0.023 mmol) in d5-chlorobenzene 
(0.2 mL) was added dropwise to a stirred solution of Zr(Cp*)2Me2 (8.9 mg, 0.023 mmol) 
in d5-chlorobenzene (0.2 mL) to give an orange solution. A solution of MesOH (3.1 mg, 
0.023 mmol) in d5-chlorobenzene (0.2 mL) was added dropwise to the reaction mixture 
and effervescence was observed and a colour change to deep red. After the effervescence 
ceased (10 min), the reaction mixture was added to [Pt(13CO)(L1)] (14.0 mg, 0.023 
mmol) in a Youngs NMR tube. A colour change from deep red to orange was observed.  
1H NMR (500 MHz; d5-PhCl) δH 7.20-6.93 (4H, m, Ar CH of [Pt(
13CO)(L1)]), 6.75(s, 




2H, Ar CH of 3.6), 3.57 (4H, br, CH2), 2.16 (3H, s, p-CH3), 1.93 (3H, s, o-CH3), 1.92 
(3H, s, o-CH3), 1.70 (30H, s, Cp* CH3), 1.23 (36H, br d, J = 7.0 Hz, 
tBu2 CH3); 13C{1H} 
NMR (125 MHz; d5-PhCl) δC 270.8 (t, 
2JCP = 55.4 Hz, 
1JCPt = 2510 Hz, 
13CO); 31P{1H} 
NMR (202 MHz; d5-PhCl) δP 66.4 (d, 
2JPC = 55.4 Hz, 
1JPPt = 3125 Hz, P
tBu2).   
5.3.22 In situ formation of 
[Pt(13CO)(L2)]/[Zr(Cp*)2(OMes)][B(C6F5)4] 
In a glovebox, a solution of [CPh3][B(C6F5)4] (19.3 mg, 0.021 mmol) in d5-chlorobenzene 
(0.2 mL) was added dropwise to a stirred solution of Zr(Cp*)2Me2 (8.2 mg, 0.021 mmol) 
in d5-chlorobenzene (0.2 mL) to give an orange solution. A solution of MesOH (2.8 mg, 
0.021 mmol) in d5-chlorobenzene (0.2 mL) was added dropwise to the reaction mixture 
and effervescence was observed and a colour change to deep red. After the effervescence 
ceased (10 min), the reaction mixture was added to [Pt(13CO)(L2)] (13.0 mg, 0.021 
mmol) in a Youngs NMR tube. A colour change from deep red to orange was observed.  
1H NMR (500 MHz; d5-PhCl) δH 7.03 (2H, m, Ar CH of [Pt(
13CO)(L2)]), 6.89 (2H, m, 
Ar CH of [Pt(13CO)(L2)]), 6.78 (s, 2H, Ar CH of 3.6), 2.18 (3H, s, p-CH3), 1.94 (3H, s, 
o-CH3), 1.93 (3H, s, o-CH3), 1.72 (30H, s, Cp* CH3), 1.31 (36H, d, J = 14.5 Hz, 
C(CH3)3); 13C{1H} NMR (125 MHz; d5-PhCl) δC 277.6 (t, 
2JCP = 67.7 Hz, 
1JCPt = 2381 
Hz, 13CO); 31P{1H} NMR (202 MHz; d5-PhCl) δP 210.0 (d, 
2JPC = 67.7 Hz, 
1JPPt = 3414 
Hz, PtBu2).   
5.3.23 Reaction of [Pt(13CO)(L1)]/3.7 with H2  
An orange solution of [Pt(13CO)(L1)]/3.7 in a Youngs NMR tube was frozen in liquid 
nitrogen and the tube was evacuated. The solution was thawed and allowed to warm to 
room temperature. The tube was backfilled with H2 (1 bar) and shaken. The solution 
lightened to a pale yellow colour over time.  
1H NMR (400 MHz; d5-PhCl) δH −3.13 (m, 
1JHPt = 1040 Hz, Pt(H)2), −7.48 (1H, 
1:8:18:8:1 ququ, 1JHPt
 = 393 Hz, 2JHP = 41 Hz, Pt(μ-H)3Pt); 31P{1H} NMR (162 MHz; 
d5-PhCl) δP 66.4 (d, 
2JPC = 55.4 Hz, 
1JPPt = 3125 Hz, P
tBu2), 50.8 (br, P
tBu2 of [(L1)Pt(μ-
H)3Pt(L1)]), 47.6 (s, 
2JPPt = 2077 Hz, P
tBu2 of [Pt(H)2(L1)]).  
5.3.24 Reaction of [Pt(13CO)(L2)]/3.7 with H2  
An orange solution of [Pt(13CO)(L2)]/3.7 in a Youngs NMR tube was frozen in liquid 
nitrogen and the tube was evacuated. The solution was thawed and allowed to warm to 




room temperature. The tube was backfilled with H2 (1 bar) and shaken. The solution 
lightened to a pale orange colour over time.  
1H NMR (400 MHz; PhCl) δH −5.72 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 393 Hz, 2JHP = 41.3 
Hz, Pt(μ-H)3Pt); 31P{1H} NMR (162 MHz; PhCl) δP 210.0 (d, 
2JPC = 67.7 Hz, 
1JPPt = 
3414 Hz, PtBu2), 185.6 (m, 
1JPPt
 = 3459 Hz, 2JPPt = 153 Hz, 
3JPP = 10.1 Hz, P
tBu2 of 
[(L2)Pt(μ-H)3Pt(L2)]).  
5.3.25 Reaction of [Pt(CO)(L1)]/AlCl3 with H2  
A Youngs NMR tube was charged with a solution of [Pt(CO)(L1)] (13.5 mg, 0.022 
mmol) and AlCl3 (2.9 mg, 0.022 mmol) in d5-chlorobenzene (0.6 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with H2 (1 
bar) and shaken.  
1H NMR (400 MHz; d5-PhCl) δH 7.21-6.95 (m, Ar CH), 3.48 (br, CH2), 1.27-1.02 (m, 
C(CH3)3), −4.55 (1H, dd, 
1JHPt
 = 734 Hz, 2JHP(trans) = 145 Hz, 
2JHP(cis) = 16 Hz, 
[Pt(H)(CO)(L1)]), −7.48 (1H, 1:8:18:8:1 q of q, 1JHPt
 = 393 Hz, 2JHP = 41 Hz, Pt(µ-H)3Pt); 
27Al{1H} NMR (130 MHz, d5-PhCl) δAl 97.1 (s); 31P{1H} NMR (162 Hz, d5-PhCl) δP 
50.8 (br, PtBu2 of [(L1)Pt(μ-H)3Pt(L1)]), 43.4 (d, 
1JPPt
 = 2987 Hz, 2JPP = 19 Hz, P
tBu2 of 
[Pt(H)(CO)(L1)]), 34.2 (d, 1JPPt
 = 2004 Hz, 2JPP = 19 Hz, P
tBu2 of [Pt(H)(CO)(L1)]).   
5.3.26 Reaction of [Pt(CO)(L2)]/AlCl3 with H2  
A Youngs NMR tube was charged with a solution of [Pt(CO)(L2)] (13.6 mg, 0.023 
mmol) and AlCl3 (3.0 mg, 0.023 mmol) in d5-chlorobenzene (0.6 mL). The orange 
solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and allowed to warm to room temperature. The tube was backfilled with H2 (1 
bar) and shaken.  
1H NMR (400 MHz; d5-PhCl) δH 7.22-6.93 (m, Ar CH), 1.27 (m, C(CH3)3), −4.15 (1H, 
dd, 1JHPt
 = 755 Hz, 2JHP(trans) = 159 Hz, 
2JHP(cis) = 24.3 Hz, [Pt(H)(CO)(L2)]), −5.72 (1H, 
1:8:18:8:1 ququ, 1JHPt
 = 393 Hz, 2JHP = 41.3 Hz, Pt(μ-H)3Pt); 27Al{1H} NMR (130 MHz, 
d5-PhCl) δAl 97.1 (s); 31P{1H} NMR (162 Hz, d5-PhCl) δP 185.6 (m, 
1JPPt
 = 3459 Hz, 
2JPPt = 153 Hz, 
3JPP = 10.1 Hz, P
tBu2 of [(L2)Pt(μ-H)3Pt(L2)]), 174.5 (d, 
1JPPt
 = 3301 Hz, 
2JPP = 15.0 Hz, P
tBu2 of [Pt(H)(CO)(L2)]), 163.0 (d, 
1JPPt
 = 2294 Hz, 2JPP = 15.0 Hz, 
PtBu2 of [Pt(H)(CO)(L2)]). 
 









Pd(dba)2 (879 mg, 1.53 mmol) and L1 (605 mg, 1.53 mmol) were combined and stirred 
in THF (30 mL) for 2 d at room temperature. The red-orange solution was filtered, and 
the solvent was removed in vacuo. The resulting orange-solid was dissolved in Et2O (35 
mL) and HCl (2.5 mL, 1M in Et2O) was added. Over 1 h, a dark yellow precipitate had 
formed. The solid was isolated and washed with Et2O (3 x 30 mL) and THF (1 x 30 mL). 
The product was dissolved in DCM and the insoluble material was filtered off. The 
desired product was then isolated as a yellow solid by precipitation from a DCM solution 
by slow addition of Et2O (540 mg, 62%). NMR data is in agreement with literature.
12,13 
 1H NMR (400 MHz; CD2Cl2) δH 7.38 (2H, m, Ar CH), 7.22 (2H, m Ar CH), 3.43 (4H, 
m, CH2), 1.60 (36 H, d, 
3JHP = 14.0 Hz, C(CH3)3); 31P{1H} NMR (162 MHz; CD2Cl2) 
δP 37.2 (s, P
tBu2). 





[PdCl2(L1)] (100 mg, 0.17 mmol) was dissolved in EtOH (CO saturated) and then the 
yellow suspension was sparged with CO and kept under a CO atmosphere (CO balloon). 
NEt3 (50 μl, 0.35 mmol) was added and then the reaction mixture was sparged with CO. 
A darkening of the reaction mixture was seen, and a yellow precipitate formed in a dark 
orange solution. The yellow solid was isolated as the desired product (49 mg, 55%). 
1H NMR (400 MHz; d8-toluene) δH 7.13 (2H, m, Ar CH), 6.90 (2H, m, Ar CH), 3.10 
(4H, m, CH2), 1.21 (36H, m, C(CH3)3); 31P{1H} NMR (400 MHz; d8-toluene) δP 50.0 
(s, PtBu2). 









tBu2PH (0.25 mL, 1.35 mmol) and paraformaldehyde (41 mg, 1.35 mmol) were combined 
in degassed MeOH (4 mL) and was left to stir for 30 minutes at room temperature. BnNH2 
(75 μL, 0.68 mmol) was added dropwise. The reaction mixture was stirred for 72 h after 
which the colourless solution was concentrated in vacuo to yield the product as a 
colourless viscous oil (239 mg, 83%) of sufficient purity (> 96%).  NMR data is in 
agreement with literature.14  
1H NMR (400 MHz; CDCl3) δH 7.29-7.12 (5H, m, Ar CH), 3.76 (2H, br s, Bn CH2), 
2.70 (4H, br s, PCH2N), 1.06 (36H, d, 
3JHP = 10.9 Hz, C(CH3)3); 31P{1H} NMR (162 
MHz; CDCl3) δP 13.7 (s, P
tBu2). 
5.3.30 Synthesis of [Pt(CO)(PtBuNBnPtBu)] 
 
A Youngs NMR tube was charged with a solution of Pt(nbe)3 (34.0 mg, 0.071 mmol) and 
PtBuNBnPtBu (30.1 mg, 0.071 mmol) in d8-toluene (0.7 mL) and left to react overnight. 
The solution was frozen in liquid nitrogen and the tube was evacuated. The solution was 
thawed and backfilled with CO (1 bar) resulting in a colour change to orange. The solvent 
was removed in vacuo and the resulting orange solid was dissolved in toluene. This 
CO/vacuum cycle was repeated 5 more times to ensure complete displacement of nbe. 
This species was confirmed by NMR spectroscopy only.  
1H NMR (400 MHz; d8-toluene) δH 7.17-7.00 (5H, m, Ar CH), 3.26 (2H, br s, Bn CH2), 
2.77 (4H, br m, PCH2N), 1.13 (36H, m, C(CH3)3); 31P{1H} NMR (162 MHz; CDCl3) δP 
63.7 (s, 1JPPt = 3429, P
tBu2). 




5.3.31 Reaction of [Pt(CO)(PtBuNBnPtBu)]/B(C6F5)3 with H2  
 
A Youngs NMR tube was charged with a solution of [Pt(CO)(PtBuNBnPtBu)] (24.3 mg, 
0.038 mmol) and B(C6F5)3 (19.2 mg, 0.038 mmol) in d5-chlorobenzene (0.7 mL). The 
orange solution was frozen in liquid nitrogen and the tube was evacuated. The solution 
was thawed and allowed to warm to room temperature. The tube was backfilled with H2 
(1 bar) and shaken. A colour change from orange to yellow was observed. Two cationic 
(3.16 and 3.17) and two anionic species (2.7-2.8) were identified in solution. 
3.16: 1H NMR (400MHz, PhCl) δH 7.08-6.59 (4H, m, Ar CH), 3.27 (2H, br s, Bn CH2), 
2.77-2.60 (4H, m, PCH2N) 0.76 (36H, dd, J = 14.2 and 6.6 Hz, CCH3), −3.70 (1H, dd, 
1JHPt
 = 809 Hz, 2JHP(trans) = 146 Hz, 
2JHP(cis) = 11.7 Hz, Pt-H); 31P{1H} NMR (162 MHz; 
PhCl) δP 38.5 (d, 
1JPPt
 = 2889 Hz, 2JPP = 23.4 Hz, P
tBu2), 29.5 (d, 
1JPPt
 = 1845 Hz, 2JPP = 
23.4 Hz, PtBu2).  
3.17: 1H NMR (400 MHz; PhCl) δH 7.08-6.59 (4H, m, Ar CH), 3.32 (2H, br s, Bn CH2), 
2.81 (4H, m, PCH2N) 0.94 (36H, d, J = 13.1 Hz, C(CH3)3), −2.99 (1H, 1:8:18:8:1 ququ, 
1JHPt
 = 509 Hz, 2JHP = 35 Hz, Pt(μ-H)Pt); 31P{1H} NMR (162 MHz; PhCl) δP 36.2 (m, 
1JPPt
 = 3580 Hz, 2JPPt = 152 Hz, 
3JPP = 28 Hz, P
tBu2).  
2.7: 1H NMR (400 MHz; PhCl) δH 3.94 (br q, 
1JHB = 80.1 Hz, BH); 11B{1H} NMR (128 
MHz; PhCl) δB −27.7 (br s, BH); 19F NMR (376 MHz; PhCl) δF −131.5 (6F, br, o-
C6F5), −163.9 (3F, br, p-C6F5), −166.2 (6F, br, m-C6F5).  
2.8: 1H NMR (400 MHz; PhCl) δH 10.80 (br s, CH); 11B{1H} NMR (128 MHz; PhCl) 
δB −2.4 (br, OB), −16.7 (br s, BCO); 19F NMR (376 MHz; PhCl) δF  −130.3 (6F, br, o-




C6F5), −132.6 (6F, br, o-C6F5), −157.6 (3F, br, p-C6F5), −159.2 (3F, br, p-C6F5), −164.8 























5.4 Chapter 4 Experimental 




s-PhobPH (250 mg, 1.76 mmol), formaldehyde (37 wt% solution, 0.26 mL, 3.52 mmol) 
and HCl (37 wt% solution, 0.15 mL, 1.76 mmol) were combined and stirred at room 
temperature for 90 minutes. The volatiles were removed in vacuo to yield a white solid 
which was triturated with IPA. The desired product was isolated as a white crystalline 
solid (281 mg, 67%). Data is in agreement with literature.15  
1H NMR (400 MHz; CD2Cl2) δH 6.53 (2H, br s, OH), 4.74 (4H, br s, PCH2OH), 2.60 
(2H, br d, 2JHP = 15.1 Hz, PCH), 2.35-2.06 (10H, m, s-Phob CH2), 1.93-1.83 (2H, m, s-
Phob CH2); 13C{1H} NMR (100 MHz; CD2Cl2) δC 49.3 (d, 
1JCP = 52.1 Hz, PCH2OH), 
27.5 (d, JCP = 4.4 Hz, s-Phob CH2), 21.2 (d, JCP = 6.0 Hz, s-Phob CH2), 19.7 (d, 
1JCP = 
34.3 Hz, PCH); 31P{1H} NMR (162 MHz; CD2Cl2) δP 21.5 (s, s-PhobP); HR-MS (ESI) 
m/z calcd. for C10H20O2P [M−Cl]
+ = 203.1195; obs. = 203.1200; Elem. Anal. (calcd. for 
C10H20ClO2P) C 50.56 (50.32), H 8.32 (8.45).  





CgPH (500 mg, 2.31 mmol), formaldehyde (37 wt% solution, 0.35 mL, 4.62 mmol) and 
HCl (37 wt% solution, 0.19 mL, 2.31 mmol) were combined and stirred at room 
temperature for 90 min. The volatiles were removed in vacuo to yield a white solid which 
was washed with cold acetone (20 mL) and cold Et2O (20 mL) in air. The desired product 
was isolated as a white crystalline solid (658 mg, 91%). Data is in agreement with 
literature.16  
1H NMR (400 MHz; CDCl3) δH 5.28 (2H, d, 
2JHP = 14.6 Hz, 1/2 CH2OH), 4.62 (2H, dd, 




2JHP = 14.6, 1.3 Hz, 1/2 CH2OH), 4.00 (2H, br s, OH), 2.26 (2H, dd, J = 14.4, 2.8 Hz, 
5/10 Cg CH2), 2.12 (1H, d, J = 21.6 Hz, 5/10 Cg CH2), 2.07 (1H, d, J = 21.6 Hz, 5/10 Cg 
CH2), 1.62 (6H, d, 
3JHP = 12.5 Hz, 4/9 CH3), 1.48 (6H, s, 7/12 CH3); 13C{1H} NMR (100 
MHz; CDCl3) δC 97.3 (d, 
3JCP = 1.8 Hz, 6/11 Cg C), 71.3 (d, 
1JCP = 71.2 Hz, 3/8 Cg C), 
49.3 (d, 1JCP = 38.8 Hz, 1/2 CH2OH), 40.8 (d, 
2JCP = 2.4 Hz, 5/10 Cg CH2), 27.2 (s, 7/12 
Cg CH3), 24.5 (s, 4/9 Cg CH3); 31P{1H} NMR (162 MHz; CDCl3) δP 2.8 (s, P(CH2OH)2); 
HR-MS (ESI) m/z calcd. for C12H22O5P [M−Cl]
+ = 277.1199; obs. = 277.1192; Elem. 
Anal. (calcd. for C12H22ClO5P) C 46.13 (46.09), H 7.11 (7.09).  





s-PhobPH (581 mg, 4.09 mmol) and paraformaldehyde (123 mg, 4.09 mmol) were 
combined in degassed MeOH (4 mL) and was left to stir for 30 min at room temperature. 
A solution of MeNH2 in MeOH (0.4 M, 5.10 mL, 2.04 mmol)) was added dropwise. The 
reaction mixture was stirred for 72 h after which the colourless solution was concentrated 
in vacuo to yield the product as a colourless viscous oil (643 mg, 93%) of sufficient purity 
(> 98%).   
1H NMR (400 MHz; CDCl3) δH 3.02 (4H, br s, PCH2N), 2.51 (3H, s, NCH3), 2.16-1.92 
(16H, m, s-Phob CH2/CH), 1.83-1.56 (12H, m, s-Phob CH2/CH); 13C{1H} NMR (100 
MHz; CDCl3) δC 56.4 (dd, JCP = 14.4, 8.9 Hz, PCH2N), 46.2 (t, 
3JCP = 9.0 Hz, NCH3), 
32.9 (d, JCP = 12.1 Hz, s-Phob CH2), 25.6 (d, JCP = 12.2 Hz, s-Phob CH2), 24.8 (d, JCP = 
10.8 Hz, s-Phob CH2), 24.0 (d, JCP = 5.4 Hz, s-Phob CH), 22.2 (d, JCP = 2.3 Hz, s-Phob 
CH2); 31P{1H} NMR (162 MHz; CDCl3) δP −46.5 (s, s-PhobP); HR-MS (ESI) m/z 
calcd. for (C19H36NP2) [M+H]
+ = 340.2317, obs. = 340.2311; Elem. Anal. (calcd. for 
C21H39NP2) C 67.56 (67.23), H 10.63 (10.39), N 4.47 (4.13).  
 
 









s-PhobPH (851 mg, 5.99 mmol) and paraformaldehyde (179 mg, 5.99 mmol) were 
combined in degassed MeOH (8 mL) and was left to stir for 30 min at room temperature. 
Isopropylamine (257 μl, 2.99 mmol) was added dropwise. The reaction mixture was 
stirred for 72 h after which a white precipitate had formed. The precipitate was isolated 
by filtration under nitrogen and was found to be the desired product (818 mg, 74%). 
1H NMR (400 MHz; CDCl3) δH 3.34 (1H, m, CH(CH3)2), 2.97 (4H, s, PCH2N), 2.17-
1.90 (16H, m, s-Phob CH2/CH), 1.78-1.54 (12H, m, s-Phob CH2/CH), 0.99 (6H, d, 
2JHH 
= 6.6 Hz, CH(CH3)2); 13C{1H} NMR (100 MHz; CDCl3) δC 51.9 (t, 
3JCP = 8.3 Hz, 
CH(CH3)2), 47.7 (dd, JCP = 11.0, 9.1 Hz, PCH2N), 32.5 (d, JCP = 12.2 Hz, s-Phob CH2), 
25.4 (br d, JCP = 3.8 Hz, s-Phob CH2), 24.2 (d, 
1JCP = 10.2 Hz, s-Phob CH), 23.6 (d, JCP 
= 5.4 Hz, s-Phob CH2), 21.8 (d, JCP = 1.8 Hz, s-Phob CH2), 18.5 (s, CH(CH3)2); 31P{1H} 
NMR (162 MHz; CDCl3) δP −43.5 (s, s-PhobP); HR-MS (ESI) m/z calcd. for 
(C21H40NP2) [M+H]
+ = 368.2630, obs. = 368.2640; Elem. Anal. (calcd. for C21H39NP2) 
C 69.05 (68.63), H 10.98 (10.70), N 4.13 (3.81). 






s-PhobPH (665 mg, 4.65 mmol) and paraformaldehyde (140 mg, 4.65 mmol) were 
combined in degassed MeOH (8 mL) and was left to stir for 30 min at room temperature. 
Benzylamine (254 μl, 2.33 mmol) was added dropwise. The reaction mixture was stirred 
for 72 h after which a white precipitate had formed. The precipitate was isolated by 




filtration under nitrogen and was found to be the desired product (820 mg, 85%).   
1H NMR (400 MHz; CDCl3) δH 7.36-7.19 (5H, m, Ar CH), 3.89 (2H, s, NCH2Ph), 3.13 
(4H, br s, PCH2N), 2.18-1.45 (28H, m, s-Phob CH2/CH); 13C{1H} NMR (100 MHz; 
CDCl3) δC 139.8 (s, Ar C), 129.4 (s, Ar CH), 128.2 (s, Ar CH), 127.0 (s, Ar CH), 61.2 
(t, 3JCP = 9.5 Hz, NCH2Ph), 51.9 (dd, JCP = 14.2 and 8.8 Hz, PCH2N), 32.5 (d, JCP = 12.2 
Hz, s-Phob CH2), 25.2 (d, JCP = 4.6 Hz, s-Phob CH2), 24.3 (d, JCP = 10.3 Hz, s-Phob CH), 
23.5 (d, JCP = 6.6 Hz, s-Phob CH2), 21.6 (d, JCP = 2.7 Hz, s-Phob CH2); 31P{1H} NMR 
(162 MHz; CDCl3) δ −47.9 (s, s-PhobP); HR-MS (ESI) m/z calcd. for (C25H40NP2) 
[M+H]+ = 416.2630, obs. = 416.2698; Elem. Anal. (calcd. for C25H39NP2) C 72.35 
(72.26), H 9.65 (9.46), N 3.42 (3.37). 





CgPH (500 mg, 2.31 mmol) and paraformaldehyde (69 mg, 2.31 mmol) were combined 
in degassed MeOH (8 mL) and was left to stir for 30 min at room temperature. A solution 
of MeNH2 in MeOH (0.4 M, 2.9 mL, 1.16 mmol) was added dropwise. The reaction 
mixture was stirred for 72 h after which a white precipitate had formed. The precipitate 
was isolated by filtration under nitrogen and was found to be the desired product with an 
uneven proportion of the two diastereomers (939 mg, 83%). 
1H NMR (400 MHz; CDCl3) δH 3.08 (2H, d, 
1JHH = 13.7 Hz, PCH2N), 2.88 (2H, d, 
1JHH 
= 13.5 Hz, PCH2N), 2.50 (2H, d, 
1JHH = 10.2 Hz, PCH2N), 2.49 (6H, s, NCH3), 2.35 (2H, 
d, 1JHH = 13.3 Hz, PCH2N), 1.98-1.91 (4H, m, Cg CH2), 1.89-1.78 (4H, m, Cg CH2), 1.69 
(2H, d, 1JHH = 13.3 Hz, Cg CH2), 1.63-1.57 (6H, m, Cg CH2),1.40-1.32 (24H, m, Cg 
CH3); 13C{1H} NMR (100 MHz; CDCl3) δC 96.9 (s, Cg C), 95.9 (s, Cg C), 95.8 (s, Cg 
C), 72.1 (m, Cg C), 54.5 (m, PCH2N), 45.7 (m, CH3), 44.8 (d, J = 15 Hz, Cg CH2), 37.9 
(m, Cg CH2), 28.1 (d, J = 22.2 Hz, Cg CH3), 28.0 (d, J = 19.1 Hz, Cg CH3), 27.1 (d, J = 
12.3 Hz, Cg CH3), 27.0 (d, J = 12.2 Hz, Cg CH3); 31P{1H} NMR (162 MHz; CDCl3) δP 
−41.8 (s, PCg), −42.6 (s, PCg); HR-MS (ESI) m/z calcd. for C25H39NO6P2 [M+H]
+ = 




488.2325; obs. = 488.2324; Elem. Anal. (calcd. for C23H39NO6P2) C 57.03 (56.87), H 
8.13 (8.06), N 2.60 (2.87). 





CgPH (1.00 g, 4.62 mmol) and paraformaldehyde (139 mg, 4.62 mmol) were combined 
in degassed MeOH (10 mL) and was left to stir for 30 min at room temperature. 
Isopropylamine (199 μl, 2.31 mmol) was added dropwise. The reaction mixture was 
stirred for 72 h after which a white precipitate had formed. The precipitate was isolated 
by filtration under nitrogen and was found to be the desired product with an uneven 
proportion of the two diastereomers (572 mg, 48%). The filtrate was concentrated in 
vacuo to yield a white solid which was washed with MeOH to remove impurities and 
yield another portion of the desired product with a different ratio of diastereomers (274 
mg, 23%).  
1H NMR (400 MHz; CDCl3) δH  3.60 (2H, m, rac/meso CH(CH3)2), 3.03 (2H, br d, 
1JHH 
= 13.4 Hz, rac PCH2N), 2.94 (2H, dd, 
1JHH = 13.3 Hz, 
2JHP = 3.3 Hz, meso PCH2N), 2.51 
(2H, dd, 1JHH = 13.3 Hz, 
2JHP = 2.3 Hz, meso PCH2N), 2.42 (2H, br d, 
1JHH = 13.4 Hz, 
meso PCH2N), 1.98-1.91 (4H, m, rac/meso Cg CH2), 1.84 (4H, br d, rac/meso Cg CH2), 
1.78 (2H, br d, J = 13.3 Hz, meso Cg CH2), 1.74 (2H, br d, J = 13.3 Hz, rac Cg CH2), 
1.64-1.56 (4H,m, rac/meso Cg CH2), 1.41-1.33 (48H, m, rac/meso Cg CH3), 1.03 (3H, 
d, J = 6.6 Hz, rac CH(CH3)2), 1.01 (6H, d, J = 6.6 Hz, meso CH(CH3)2), 0.96 (3H, d, J = 
6.6 Hz, rac CH(CH3)2); 13C{1H} NMR (100 MHz; CDCl3) δC 96.9 (m, Cg C), 96.0 (m, 
Cg C), 72.3 (m, Cg C), 51.2 (m, CH), 46.4 (m, PCH2N), 45.0 (m, Cg CH2), 37.9 (m, Cg 
CH2), 28.2 (m, Cg CH3), 27.0 (m, Cg CH3), 17.5 (s, CH3), 16.9 (s, CH3), 16.6 (s, CH3); 
31P{1H} NMR (162 MHz; CDCl3) δP −40.6 (s, rac PCg), −40.7 (s, meso PCg); HR-MS 
(ESI) m/z calcd. for C25H44NO6P2 [M+H]
+ = 516.2644; obs. = 516.2626; Elem. Anal. 
(calcd. for C25H43NO6P2) C 59.10 (58.24), H 2.87 (2.72), N 8.51 (8.41).  










CgPH (1.00 g, 4.62 mmol) and paraformaldehyde (139 mg, 4.62 mmol) were combined 
in degassed MeOH (8 mL) and was left to stir for 30 min at room temperature. 
Benzylamine (253 μl, 2.31 mmol) was added dropwise. The reaction mixture was stirred 
for 72 h after which a white precipitate had formed. The precipitate was isolated by 
filtration under nitrogen and was found to be the desired product with an uneven 
proportion of the two diastereomers (1.13 g, 87%).  
1H NMR (400 MHz; CDCl3) δH 7.29-7.19 (10H, m, Ar CH), 3.82 (4H, m, Bn CH2), 3.01 
(2H, dd, J = 13.4, 2.3 Hz, PCH2N), 2.97 (2H, d, J = 13.5 Hz, PCH2N), 2.57 (4H, br d, J 
= 13.5 Hz, PCH2N), 1.93-1.87 (4H, m, Cg CH2), 1.82-1.71 (4H, m, Cg CH2), 1.49-1.19 
(64H, m, 8 x Cg CH2 and 48 x Cg CH3); 13C{1H} NMR (100 MHz; CDCl3) δC 138.4 (s, 
Ar C), 138.2 (s, Ar C), 129.8 (s, Ar CH), 129.6 (s, Ar CH), 128.5 (s, Ar CH), 127.6 (s, 
Ar CH), 127.5 (s, Ar CH), 96.8 (s, Cg C), 95.8 (d, J = 3.2 Hz, Cg C), 72.2 (m, Cg C), 
61.1 (m, Bn CH2), 51.1 (m, PCH2N), 44.9 (dd, J = 14.7, 4.0 Hz, Cg CH2), 37.6 (d, J = 
11.7 Hz, Cg CH2), 28.5, (s, Cg CH3), 28.2, (s, Cg CH3), 28.0 (d, J = 9.9 Hz, Cg CH3), 
27.2 (dd, J = 11.9, 6.1 Hz, Cg CH3); 31P{1H} NMR (162 MHz; CDCl3) δP −42.3 (s, 
PCg), −42.5 (s, PCg); HR-MS (ESI) m/z calcd. for C29H43NO6P2 [M+H]
+ = 564.2638; 
obs. = 564.2637; Elem. Anal. (calcd for C29H43NO6P2) C 61.63 (61.80), H 7.72 (7.69), 
N 2.57 (2.49).  
 






[PtCl2(COD)] (25.3 mg, 0.068 mmol) and P
PhobNMePPhob (23 mg, 0.068 mmol) were 
dissolved in DCM (0.6 mL) in a Youngs NMR tube. After 1 h, 31P{1H} NMR confirmed 
complete complexation. The complex was precipitated in hexane to give a white solid 
(38 mg, 93%).   
1H NMR (400 MHz; CD2Cl2) δH 3.70-3.01 (4H, br m, PCH2N), 2.89-2.50 (8H, br m, s-
Phob CH2/CH), 2.55 (3H, s, NCH3), 2.22-1.66 (20H, m, s-Phob CH2/CH); 13C{1H} NMR 
(100 MHz; CD2Cl2) δC 52.8 (m, NCH3 and PCH2N), 29.6 (s, s-Phob CH2), 28.2 (br m, 
s-Phob CH2), 25.5 (br m, s-Phob CH), 22.0 (t, J = 4.7 Hz, s-Phob CH2), 20.3 (m, s-Phob 
CH2); 31P{1H} NMR (162 MHz; CD2Cl2): δP −15.8 (s, 
1JPPt = 3245 Hz, s-PhobP); HR-
MS (ESI) m/z calcd. for C19H35Cl2NNaP2Pt [M+Na]
+ = 627.1164, obs. = 627.1166. 





[PtCl2(COD)] (25.0 mg, 0.067 mmol) and P
PhobNiPrPPhob (24.6 mg, 0.067 mmol) were 
dissolved in DCM (0.6 mL) in a Youngs NMR tube. After 1 h, 31P{1H} NMR confirmed 
complete complexation. The complex was precipitated in hexane to give a white solid 
(40 mg, 95%).   
1H NMR (400 MHz; CD2Cl2) δH 3.94-2.99 (4H, br m, PCH2N), 2.99 (1H, sept, J = 6.5 
Hz, CH(CH3)2), 2.92-2.40 (8H, br m, s-Phob CH2/CH), 2.19-1.65 (20H, m, s-Phob 
CH2/CH), 1.13 (6H, d, J = 6.5 Hz, CH(CH3)2); 13C{1H} NMR (100 MHz; CD2Cl2) δC  
61.9 (t, J = 10.6 Hz, CH(CH3)2), 47.6 (m, PCH2N), 29.7 (s, s-Phob CH2), 29.6-24.3 (br 
m, s-Phob CH2/CH), 22.0 (t, J = 4.4 Hz, s-Phob CH2), 20.3 (m, s-Phob CH2), 18.0 (s, 




CH(CH3)2); 31P{1H} NMR (162 MHz; CD2Cl2): δP −16.5 (s, 
1JPPt = 3248 Hz, s-PhobP); 
HR-MS (ESI) m/z calcd. for C21H39ClNP2Pt [M−Cl]







[PtCl2(COD)] (25.1 mg, 0.067 mmol) and P
PhobNBnPPhob (28.0 mg, 0.067 mmol) were 
dissolved in DCM (0.6 mL) in a Youngs NMR tube. After 1 h, 31P{1H} NMR confirmed 
complete complexation. The complex was precipitated in hexane to give a white solid 
(43 mg, 94%).   
1H NMR (400 MHz; CD2Cl2) δH 7.39-7.27 (5H, m, ArCH), 3.84-2.84 (4H, br m, 
PCH2N), 3.77 (2H, s, BnCH2), 2.87-2.17 (8H, br m, s-Phob CH2/CH), 2.13-1.36 (20H, 
m, s-Phob CH2/CH); 13C{1H} NMR (100 MHz; CD2Cl2) δC  137.2 (s, Ar C), 130.7 (s, 
Ar CH); 129.2 (s, Ar CH), 129.1 (s, Ar CH); 128.8 (s, Ar CH); 68.2 (t, J = 11.8 Hz, Bn 
CH2), 50.6 (m, PCH2N), 29.6 (s, s-Phob CH2), 27.9 (br m, s-Phob CH2), 23.4 (br m, s-
Phob CH), 21.9 (t, J = 4.4 Hz, s-Phob CH2), 20.2 (m, s-Phob CH2), 18.0 (s, CH(CH3)2); 
31P{1H} NMR (162 MHz; CD2Cl2) δP −16.4 (s, 
1JPPt = 3247 Hz, s-PhobP); HR-MS 
(ESI) m/z calcd. for C25H39ClNP2Pt [M−Cl]
+ = 645.1891, obs. = 645.1886. 






[PtMe2(COD)] (25 mg, 0.075 mmol) and P
CgNMePCg (36.6 mg, 0.075 mmol) were 
dissolved in DCM (0.6 mL) in a Youngs NMR tube. After 16 h, 31P{1H} NMR confirmed 




complete complexation. The complex was azeotroped twice with toluene to remove any 
free COD in solution to yield a pale yellow solid (48 mg, 90%). Crystals suitable for X-
ray analysis were obtained by slow evaporation of a hexane solution of 
[PtMe2(P
CgNMePCg)]. 
1H NMR (400 MHz; CD2Cl2) δH 3.12 (2H, m, rac/meso PCH2N), 2.58 (2H, dd, J = 13.4, 
3.5 Hz, rac/meso Cg CH2), 2.51 (2H, dm, J = 14.1 Hz, rac/meso PCH2N), 1.81-1.75 (4H, 
m, rac/meso Cg CH2), 1.58 (2H, dd, J = 20.1, 13.4 Hz, rac/meso Cg CH2), 1.41-1.30 
(29H, m, 2 x rac/meso Cg CH2, 24 x rac/meso Cg CH3, 3 x rac/meso NCH3), 0.72 (6H, 
appt, J = 6.34, 2JHPt = 72.6 Hz, PtCH3); 13C{1H} NMR (100 MHz; CD2Cl2) δC 99.6 (s, 
Cg C), 97.2 (s, Cg C), 96.6 (s, Cg C), 73.8 (m, Cg C), 73.1 (m, Cg C), 53.5 (m, PCH2N), 
41.2 (m, Cg CH2), 40.8 (m, Cg CH2), 27.6 (s, CH3), 27.15 (s, CH3), 26.6 (m, CH3), 26.0 
(m, CH3), 4.21 (dd, J = 98.3, 10.2 Hz, 
1JCPt = 601 Hz, PtCH3); 31P{1H} NMR (162 MHz; 
CD2Cl2): δP −13.8 (s, 
1JPPt = 1664 Hz, PCg (major)), −16.0 (s, 
1JPPt = 1640 Hz, PCg 
(minor)); HR-MS (ESI) m/z calcd. for C25H45NNaO6P2Pt [M+Na]
+ = 735.265, obs. = 
735.2269. 






[PtMe2(COD)] (25 mg, 0.075 mmol) and P
CgNiPrPCg (38.7 mg, 0.075 mmol) were 
dissolved in DCM (0.6 mL) in a Youngs NMR tube. After 16 h, 31P{1H} NMR confirmed 
complete complexation. The complex was azeotroped twice with toluene to remove any 
free COD in solution to yield a pale yellow solid (52 mg, 94%). Crystals suitable for X-
ray analysis were obtained by slow evaporation of a hexane solution of 
[PtMe2(P
CgNiPrPCg)]. 
1H NMR (400 MHz; CD2Cl2) δH 3.17 (2H, m, rac/meso PCH2N), 2.91 (1H, sept, J = 6.6 
Hz, CH(CH3)2), 2.67-2.57 (4H, m 2 x rac/meso Cg CH2, 2 x rac/meso PCH2N), 1.88-
1.74 (4H, m, rac/meso Cg CH2), 1.57 (2H, dd, J = 20.1, 14.0 Hz, rac/meso Cg CH2), 
1.43-1.30 (26H, m, 2 x rac/meso Cg CH2, 24 x rac/meso Cg CH3), 1.04 (6H, dd, J = 6.6, 




2.6 Hz, rac/meso CH(CH3)2), 0.70 (6H, appt, J = 6.3 Hz, 
2JHPt = 73.0 Hz, Pt-CH3); 
13C{1H} NMR (100 MHz; CD2Cl2) δC 99.6 (s, Cg C), 97.3 (s, Cg C), 96.7 (s, Cg C), 
73.9 (m, Cg C), 73.2 (m, Cg C), 60.8 (t, J = 8.6 Hz, CH(CH3)2), 48.8 (m, PCH2N), 41.2 
(m, Cg CH2), 40.9 (m, Cg CH2), 28.2 (s, CH3), 27.7 (s, CH3), 27.2 (m, CH3), 26.4 (m, 
CH3), 19.3 (s, CH(CH3)2, 17.0 (s, CH(CH3)2, 4.21 (dd, J = 98.0, 10.1 Hz, 
1JCPt = 601 Hz, 
Pt-CH3); 31P{1H} NMR (162 MHz; CD2Cl2): δP −15.0 (s, 
1JPPt = 1678 Hz, PCg (major)), 
−18.0 (s, 1JPPt = 1639 Hz, PCg (minor)); HR-MS (ESI) m/z calcd. for C27H49NNaO6P2Pt 
[M+Na]+ = 763.2578, obs. = 763.2574. 






[PtMe2(COD)] (25 mg, 0.075 mmol) and P
CgNBnPCg (42.3 mg, 0.075mmol) were 
dissolved in DCM (0.6 mL) in a Youngs NMR tube. After 16 h, 31P{1H} NMR confirmed 
complete complexation. The complex was azeotroped twice with toluene to remove any 
free COD in solution to yield a pale yellow solid (58 mg, 98%). Crystals suitable for X-
ray analysis were obtained by slow evaporation of a hexane solution of 
[PtMe2(P
CgNBnPCg)]. 
1H NMR (400 MHz; CD2Cl2) δH 7.40-7.26 (5H, m, rac/meso Ar CH), 3.85 (1H, br d, J 
= 12.3 Hz, rac/meso Bn CH2), 3.31 (1H, d, J = 12.3 Hz, rac/meso Bn CH2), 3.11 (2H, m, 
rac/meso PCH2N), 2.67 (2H, dm , J = 14 Hz, rac/meso PCH2N), 2.57 (2H, dd, J = 13.7, 
3.3 Hz, rac/meso Cg CH2), 1.64-1.18 (32H, m, 4 x rac/meso Cg CH2), 4 x rac/meso Cg 
CH2, 24 x rac/meso Cg CH3), 0.70 (6H, appt, J = 6.4 Hz, 
2JHPt = 73.0 Hz, PtCH3); 13C{1H} 
NMR (100 MHz; CD2Cl2) δC 137.7 (s, Ar C), 131.0 (s, Ar CH), 129.2 (s, Ar CH), 129.1 
(s, Ar CH), 128.6 (s, Ar CH), 99.6 (s, Cg C), 97.2 (s, Cg C), 96.6 (s, Cg C), 73.8 (m, Cg 
C), 73.2 (m, Cg C), 68.9 (t, J = 9.6 Hz, Bn CH2), 52.0 (m, PCH2N), 41.1 (m, Cg CH2), 
40.1 (m, Cg CH2), 28.0 (s, CH3), 27.8 (s, CH3), 27.3 (m, CH3), 26.6 (m, CH3), 17.0 (s, 
CH(CH3)2, 4.47 (dd, J = 98.2, 9.5 Hz, 
1JCPt = 500 Hz, PtCH3); 31P{1H} NMR (162 MHz; 
CD2Cl2): δP −15.7 (s, 
1JPPt = 1663 Hz, PCg (major)), −18.1 (s, 
1JPPt = 1638 Hz, PCg 




(minor)); HR-MS (ESI) m/z calcd. for C31H49NNaO6P2Pt [M+Na]
+ = 811.2578, obs. = 
811.2570. 




Mn(CO)5Br (251 mg, 0.91 mmol) and P
PhobNMePPhob (310 mg, 0.91 mmol) were 
suspended in benzene (5 mL). The reaction mixture was heated at 50 °C for 2 h after 
which a yellow precipitate had formed. The precipitate was isolated and found to be the 
desired product (375 mg, 74%).  
1H NMR (400 MHz; CDCl3) δH 3.64 (2H, m, PCH2N), 3.14 (2H, m, PCH2N), 2.76 (2H, 
m, s-Phob CH2), 2.58 (3H, s, NCH3), 2.49-1.71 (m, 4 x s-Phob CH and 22 x s-Phob CH2); 
13C{1H} NMR (100 MHz; CDCl3) δC 52.7 (m, PCH2N), 50.8 (m, NCH3), 28.9 (s, s-Phob 
CH2), 28.3 (s, s-Phob CH2), 27.8 (br s, s-Phob CH2), 27.1 (br s, s-Phob CH2), 26.6 (t, J = 
9.2 Hz, s-Phob CH), 25.0 (t, J = 11.1 Hz, s-Phob CH), 21.6 (br s, s-Phob CH2), 20.6 (br 
s, s-Phob CH2); 31P{1H} NMR (162 MHz; CDCl3): δ 4.4 (br s, s-PhobP); HR-MS (ESI) 
m/z calcd. for C22H36BrMnNO3P2 [M+H]
+ = 558.0729, obs. = 558.0722; Elem. Anal. 
(calcd. for C22H35BrMnNO3P2) C 47.36 (47.33), H 6.38 (6.32), N 2.51 (2.49); IR νCO 
1999, 1919, 1886 cm-1. 




Mn(CO)5Br (150 mg, 0.55 mmol) and P
PhobNiPrPPhob (200 mg, 0.55 mmol) were 
suspended in benzene (3.5 mL). The reaction mixture was heated at 50 °C for 2 h after 
which a small amount of precipitate had formed. The filtrate was isolated from the 
precipitate and concentrated to form a yellow powder which was found to be the desired 
product (163 mg, 51%). Crystals suitable for X-ray analysis were grown from a saturated 
solution of the complex in benzene.   
1H NMR (400 MHz; CDCl3) δH 3.72 (2H, m, PCH2N), 2.97-2.69 (5H, m, 1 x CH(CH3)2, 




2 x PCH2N, 2 x s-Phob CH2), 2.95-1.68 (26H, m, 22 x s-Phob CH2, 4 x s-Phob CH), 1.10 
(6H, d, 3JHH = 6.6 Hz, CH(CH3)2); 13C{1H} NMR (100 MHz; CDCl3) δC 60.1 (t, 
1JCP = 
8.7 Hz, CH(CH3)2), 49.1 (dd, J = 16.7, 13.7 Hz, PCH2N), 29.1 (s, s-Phob CH2), 28.1 (t, 
J = 3.4 Hz, s-Phob CH2), 28.0 (s, s-Phob CH2), 27.3 (t, J = 3.1 Hz, s-Phob CH2), 25.6 
(dd, J = 9.1, 8.8 Hz, s-Phob CH), 24.7 (dd, J = 11.4, 10.5  Hz, s-Phob CH), 21.5 (t, J = 
2.7 Hz, s-Phob CH2), 20.7 (t, J = 2.2 Hz, s-Phob CH2), 18.65 (s, CH(CH3)2); 31P{1H} 
NMR (162 MHz; CDCl3) δP 9.5 (br s, s-PhobP); HR-MS (ESI) m/z calcd. for 
C24H39MnNO3P2 [M−Br]
+ = 506.1780, obs. = 506.1784; Elem. Anal. (calcd. for 
C24H39BrMnNO3P2) C 49.23 (49.16), H 6.89 (6.70), N 2.45 (2.39); IR νCO 2000, 1918, 
1897 cm-1. 




Mn(CO)5Br (263 mg, 0.96 mmol) and P
PhobNBnPPhob (398 mg, 0.96 mmol) created a 
yellow suspension upon addition of benzene (8 mL). The reaction mixture was heated at 
50 °C for 2 h after which a small amount of precipitate had formed. The filtrate was 
isolated from the precipitate and concentrated to form a yellow powder which was found 
to be the desired product (474 mg, 78%).  
1H NMR (400 MHz; CDCl3) δH 7.30-7.19 (5H, m, Ar CH), 3.72 (4H, m, 2 x Bn CH2 
and 2 x PCH2N), 2.96 (2H, dm, J = 13.5 Hz, PCH2N), 2.67 (2H, m, s-Phob CH2), 2.37 
(4H, m, 2 x s-Phob CH and 2 x s-Phob CH2), 2.07-1.41 (22H, m, 2 x s-Phob CH and 20 
x s-Phob CH2); 13C{1H} NMR (100 MHz; CDCl3) δC 138.4 (s, Ar C), 129.5 (s, Ar CH), 
128.8 (s, Ar CH), 128.2 (s, Ar CH), 66.9 (t, J = 9.1 Hz, Bn CH2), 51.9 (dd, J = 15.2, 12.4 
Hz, PCH2N), 28.9 (s, s-Phob CH2), 28.0 (s, s-Phob CH2), 27.9 (m, s-Phob CH2), 26.5 (m, 
s-Phob CH2), 36.1 (t, J = 9.3 Hz, s-Phob CH), 24.8 (t, J = 11.3 Hz, s-Phob CH), 21.5 (m, 
s-Phob CH2), 20.5 (m, s-Phob CH2); 31P{1H} NMR (162 MHz; CDCl3) δP 7.6 (br s, s-
PhobP); HR-MS (ESI) m/z calcd. for C28H40BrMnNO3P2 [M+H]
+ = 634.1042, obs. = 
634.1044; Elem. Anal. (calcd. for C29H39BrMnNO3P2) C 53.09 (53.01), H 6.25 (6.20), 
N 2.23 (2.21); IR νCO: 2005, 1926, 1898 cm-1.  








Mn(CO)5Br (150 mg, 0.55 mmol) and P
CgNMePCg (292 mg, 0.60 mmol) were suspended 
in benzene (4 mL). The reaction was heated at 50 °C overnight after which a bright 
orange solution formed. The solution was concentrated in vacuo and the resulting solid 
was washed with hexane (3 x 2.5 mL) to remove residual ligand to give the product as a 
yellow powder (305 mg, 79%).   
1H NMR (400 MHz; CDCl3) δH 3.67 (1H, dd, 
1JHH = 14.0 Hz, 
2JHP = 3.5 Hz, rac 
PCH2N), 3.60 (2H, m, meso PCH2N), 3.16 (1H, dd, 
1JHH = 14.1 Hz, 
2JHP = 2.7 Hz, rac 
PCH2N), 3.08 (1H, br d, 
1JHH = 14.1 Hz, rac PCH2N), 2.94 (2H, br d, 
3JHP = 14.0 Hz, Cg 
CH2), 2.87 (1H, dd, 
1JHH = 14.0 Hz, 
2JHP = 4.1 Hz, Cg CH2), 2.72 (1H, dd, 
1JHH = 13.8 
Hz, 2JHP = 2.2 Hz, rac PCH2N), 2.59 (3H, s, NCH3), 2.59 (1H, obscured by NCH3 signal, 
Cg CH2), 2.54 (3H, s, NCH3), 2.34 (2H, m, meso PCH2N), 1.99-1.88 (3H, m, Cg CH2), 
1.87-1.71 (12H, m, Cg CH2/CH3), 1.61-1.39 (45H, m, Cg CH2/CH3); 13C{1H} NMR (100 
MHz; CDCl3) δC 96.8 (s, Cg C), 96.7 (s, Cg C), 96.3 (s, Cg C), 95.8 (s, Cg C), 95.6 (s, 
Cg C), 95.5 (s, Cg C), 72.3 (m, Cg C), 76.5 (s, Cg C), 76.1 (m, Cg C), 53.6 (d, J = 25 Hz, 
PCH2N), 52.9 (d, J = 25, PCH2N), 52.0 (m, PCH2N and NCH3), 41.7 (m, Cg CH2), 40.9 
(m, Cg CH2), 30.7 (d, J = 5.8 Hz, Cg CH3), 29.7 (d, J = 6.4 Hz, Cg CH3), 29.1 (m, Cg 
CH3), 27.6 (m, Cg CH3); 31P{1H} NMR (162 MHz; CDCl3) δP 18.9 (br s, meso PCg), 
16.9 (br s, rac PCg), 11.3 (br s, rac PCg); HR-MS (ESI) m/z calcd. for 
C26H39BrNMnO9P2Na [M+H]
+ = 706.0737, obs. = 706.0734; Elem. Anal. (calcd. for 
C26H39BrMnNO9P2) C 44.36 (44.21), H 5.63 (5.57), N 2.03 (1.98); IR νCO 2026, 1969, 
1907 cm-1. 








Mn(CO)5Br (100 mg, 0.36 mmol) and P
CgNiPrPCg (206 mg, 0.40 mmol) were suspended 
in benzene (2.5 mL) and the reaction was heated at 50 °C overnight after which a bright 
orange solution formed. The solution was concentrated in vacuo and the resulting solid 
was washed with hexane (3 x 2 mL) to remove residual ligand to give the product as a 
yellow powder (217 mg, 81%). Crystals suitable for X-ray analysis were obtained from 
a saturated solution of the complex in benzene.   
1H NMR (400 MHz; CDCl3) δH 3.73-3.62 (3H, m, 2 x meso PCH2N and 1 x rac NCH2P), 
3.22 (1H, d, 1JHH = 14.0 Hz, rac PCH2N), 3.14-3.01 (2H, m, 1 x rac PCH2N and 1 x meso 
CH(CH3)2),  2.98-2.85 (4H, m, 1 x rac CH(CH3)2, 2 x meso Cg CH2, 1 x rac Cg CH2), 
2.71 (1H, d, 1JHH = 14.0 Hz, rac PCH2N), 2.59 (1H, dd, 
1JHH = 13.4 Hz, JHP = 3.6 Hz, 1 
x rac Cg CH2) 2.32 (2H, m, 2 x meso PCH2N), 2.04-1.36 (60H, m, 30 x rac Cg CH2/CH3 
and 30 x meso Cg CH2/CH3), 1.16 (3H, d, 
3JHH = 6.6 Hz, rac NCH(CH3)2), 1.10 (6H, d, 
3JHH = 6.5 Hz, meso NCH(CH3)2 ), 1.05 (3H, d, 
3JHH = 6.6 Hz, rac NCH(CH3)2); 13C{1H} 
NMR (100 MHz; CDCl3) δC 96.8 (s, Cg C), 96.7 (s, Cg C), 96.3 (s, Cg C), 95.8 (s, Cg 
C), 95.6 (s, Cg C), 95.5 (s, Cg C), 77.3 (m, Cg C), 76.5 (s, Cg C), 76.3 (m, Cg C), 74.7 
(m, Cg C), 61.5 (m, CH), 49.6 (d, J = 25 Hz, PCH2N), 47.4 (d, J = 12 Hz, PCH2N), 47.3 
(d, J = 12 Hz, PCH2N), 46.7 (d, J = 25 Hz, PCH2N), 41.9 (m, Cg CH2), 41.0 (s, Cg CH2), 
40.8 (s, Cg CH2), 30.1 (dd, J = 82, 5 Hz, Cg CH3), 29.1 (m, Cg CH3), 28.9 (m, Cg CH3), 
28.0-27.4 (m, Cg CH3), 19.7 (s, CH(CH3)2), 17.7 (s, CH(CH3)2), 16.3 (s, CH(CH3)2); 
31P{1H} NMR (162 MHz; CDCl3) δP 18.0 (br s, meso PCg), 16.7 (br s, rac PCg), 10.7 
(br s, rac PCg); HR-MS (ESI) m/z calcd. for C28H43BrNMnO9P2Na [M+Na]
+ = 
758.0849, obs. = 758.0855; Elem. Anal. (calcd. for C28H43BrMnNO9P2) C 46.01 (45.79), 
H 5.96 (5.90), N 1.94 (1.91); IR νCO 2027, 1966, 1906 cm-1. 




Mn(CO)5Br (136 mg, 0.49 mmol) and P
CgNBnPCg (306 mg, 0.54 mmol) were suspended 
in benzene (3.5 mL). The reaction was heated at 50 °C overnight after which a bright 
orange solution formed. The solution was concentrated in vacuo and the resulting solid 
was washed with hexane (3 x 2.5 mL) to remove residual ligand to give the product as a 
yellow powder (318 mg, 83%).   




1H NMR (400 MHz; CDCl3) δH 7.34-7.14 (10H, m, Ar-CH), 3.78 (1H, br d, 
1JHH = 12.1 
Hz, meso PCH2N), 3.67 (5H, m, 4 x Bn CH2 and 1 x rac PCH2N), 3.57 (
1H, dd, 1JHH = 
13.7 Hz, 3JHP = 3.9 Hz, rac PCH2N), 3.34 (1H, br d, 
1JHH = 12.0 Hz, meso PCH2N), 3.18 
(1H, dd, 1JHH = 14.0 Hz, 
3JHP = 3.7 Hz, meso PCH2N), 2.98 (1H, br d, 
1JHH = 14.0 Hz, 
meso PCH2N), 2.83-2.69 (4H, m, 1 x rac PCH2N, 2 x meso Cg CH2 and 1 x rac Cg CH2), 
2.44 (1H, dd, 1JHH = 13.8 Hz, 
2JHP = 3.8 Hz, Cg CH2), 2.13 (1H, br m, rac PCH2N), 1.82-
1.07 (28H, 2 x rac Cg CH2, 2 x meso Cg CH2, 12 x rac Cg CH3 and 12 x meso Cg CH3); 
13C{1H} NMR (100 MHz; CDCl3) δC 136.4 (s, Ar C), 135.3 (s, Ar C), 131.2 (s, Ar CH), 
130.7 (s, Ar CH), 129.1 (s, Ar CH), 128.9 (s, Ar CH), 128.7 (s, Ar CH), 128.54 (s, Ar 
CH), 128.47 (s, Ar CH), 96.8 (s, Cg C), 96.6 (s, Cg C), 96.2 (s, Cg C), 95.7 (s, Cg C), 
95.6 (s, Cg C), 95.5 (s, Cg C), 77.3 (m, obscured by CDCl3 signal, Cg C), 74.8 (m, Cg 
C), 68.6 (m PCH2N and Bn CH2), 50.9 (d, J = 23.8 Hz, PCH2N), 50.2 (d, J = 22.6 Hz, 
PCH2N), 49.6 (m, PCH2N), 41.8 (m, Cg CH2), 40.7 (s, Cg CH2), 40.6 (s, Cg CH2), 40.2 
(s, Cg CH2), 30.7 (d, J = 5.8 Hz, Cg CH3), 29.7 (d, J = 6.4 Hz, Cg CH3), 29.1 (m, Cg 
CH3), 27.9-27.4 (m, Cg CH3); 31P{1H} NMR (162 MHz; CDCl3) δP 18.8 (br s, meso 
PCg), 16.2 (br s, rac PCg), 11.3 (br s, rac PCg); HR-MS (ESI) m/z calcd. for 
C39H43BrNMnO9P2Na [M+H]
+ = 782.1050, obs. = 782.1057; Elem. Anal. (calcd. for 
C32H43BrMnNO9P2) C 49.21 (49.12), H 5.55 (5.54), N 1.88 (1.79); IR νCO 2024, 1960, 
1906 cm-1.  
5.4.21 In situ formation of 
[Mn(PPhobNMePPhob)(CO)3][BArF4] 
A Youngs NMR tube was charged with [Mn(PPhobNMePPhob)(CO)3Br] (24.7 mg, 0.044 
mmol) and NaBArF4 (39.2 mg, 0.044 mmol) in a glovebox. Upon the addition of 
fluorobenzene solvent (~0.6 mL) a bright yellow solution and a white precipitate formed.  
31P{1H} NMR (122 MHz; C6H5F) δP −7.9 (s, PPhob). 
5.4.22  In situ formation of 
[Mn(PPhobNiPrPPhob)(CO)3][BArF4] 
A Youngs NMR tube was charged with [Mn(PPhobNiPrPPhob)(CO)3Br] (34.7 mg, 0.059 
mmol) and NaBArF4 (52.4 mg, 0.059 mmol) in a glovebox. Upon the addition of 
fluorobenzene solvent (~0.6 mL) a bright yellow solution and a white precipitate formed.  
31P{1H} NMR (122 MHz; C6H5F) δP −6.1 (s, PPhob). 




5.4.23  In situ formation of 
[Mn(PPhobNBnPPhob)(CO)3][BArF4] 
A Youngs NMR tube was charged with [Mn(PPhobNBnPPhob)(CO)3Br] (27.3 mg, 0.043 
mmol) and NaBArF4 (38.1 mg, 0.043 mmol) in a glovebox. Upon the addition of 
fluorobenzene solvent (~0.6 mL) a bright yellow solution and a white precipitate formed.  
31P{1H} NMR (122 MHz; C6H5F) δP −5.1 (s, PPhob). 
5.4.24  In situ reaction of [Mn(PCgNMePCg)(CO)3Br] and 
NaBArF4  
A Youngs NMR tube was charged with [Mn(PCgNMePCg)(CO)3Br] (19.2 mg, 0.027 
mmol) and NaBArF4 (24.1 mg, 0.027 mmol) in a glovebox. Upon the addition of 
fluorobenzene solvent (~0.6 mL) a bright yellow solution formed.   
31P{1H} NMR (122 MHz; C6H5F) δP 19.0 (s, meso PCg), 17.4 (d, 
2JPP = 45.8 Hz, rac 
PCg), 13.4 (d, 2JPP = 45.8 Hz, rac PCg).  
5.4.25  In situ reaction of [Mn(PCgNiPrPCg)(CO)3Br] and 
NaBArF4  
A Youngs NMR tube was charged with [Mn(PCgNiPrPCg)(CO)3Br] (19.4 mg, 0.026 mmol) 
and NaBArF4 (23.4 mg, 0.024 mmol) in a glovebox. Upon the addition of fluorobenzene 
solvent (~0.6 mL) a bright yellow solution formed.   
31P{1H} NMR (122 MHz; C6H5F) δP 17.7 (s, meso PCg), 17.6 (d, 
2JPP = 46.7 Hz, rac 
PCg), 13.1 (d, 2JPP = 46.7 Hz, rac PCg).  
5.4.26  In situ reaction of [Mn(PCgNBnPCg)(CO)3Br] and 
NaBArF4  
A Youngs NMR tube was charged with [Mn(PCgNBnPCg)(CO)3Br] (21.9 mg, 0.028 mmol) 
and NaBArF4 (24.8 mg, 0.028 mmol) in a glovebox. Upon the addition of fluorobenzene 
solvent (~0.6 mL) a bright yellow solution formed.   
31P{1H} NMR (122 MHz; C6H5F) δP 18.6 (s, meso PCg), 15.5 (d, 
2JPP = 45.0 Hz, rac 
PCg), 13.3 (d, 2JPP = 45.0 Hz, rac PCg). 




5.4.27 In situ reaction of 
[Mn(PCgNMePCg)(CO)3Br/NaBArF4 with H2  
A Youngs NMR tube was charged with [Mn(PCgNMePCg)(CO)3Br] (28.0 mg, 0.040 
mmol) and NaBArF4 (35.1 mg, 0.040 mmol) in a glovebox and d5-PhCl (~0.6 mL) was 
added to form a yellow/orange suspension. The suspension was frozen in liquid nitrogen 
and the tube was evacuated. The solution was thawed and allowed to warm to room 
temperature. The tube was backfilled with H2 (1 bar) and shaken.   
1H NMR (400 MHz; d5-PhCl) δH 9.70 (1H, br s, NH), 8.22 (8H, br s, o-Ar CH of BAr
F
4), 
7.61 (4H, br s, p-Ar CH of BArF4), 3.92 – 1.16 (39 H, m, 4 x PCH2N, 8 x Cg CH2, 24 x 
Cg CH3, 3 x NCH3), −7.93 (1H, t, 
2JHP = 55.6 Hz, meso MnH), −8.04 (1H, dd, 
2JHP = 
53.9, 46.6 Hz, syn,rac MnH), -8.69 (1H, dd, 2JHP = 56.0, 43.7 Hz, anti,rac MnH); 31P{1H} 
NMR (162 MHz; d5-PhCl) δP 55.5 (d, 
2JPP = 35.6 Hz, anti,rac PCg), 53.8 (d, 
2JPP = 35.6 
Hz, anti,rac PCg), 47.6 (d, 2JPP = 45.5 Hz, syn,rac PCg), 45.9 (s, meso PCg), 45.7 (d, 
2J 
= 45.5 Hz, syn,rac PCg). 
5.4.28  In situ reaction of 
[Mn(PCgNiPrPCg)(CO)3Br/NaBArF4 with H2  
A Youngs NMR tube was charged with [Mn(PCgNiPrPCg)(CO)3Br] (34.6 mg, 0.047 mmol) 
and NaBArF4 (41.7 mg, 0.047 mmol) in a glovebox and d5-PhCl (~0.6 mL) was added to 
form a yellow/orange suspension. The suspension was frozen in liquid nitrogen and the 
tube was evacuated. The solution was thawed and allowed to warm to room temperature. 
The tube was backfilled with H2 (1 bar) and shaken.   
1H NMR (400 MHz; d5-PhCl) δH 9.56 (1H, br s, NH), 8.15 (8H, br s, o-Ar CH of BAr
F
4), 
7.55 (4H, br s, p-Ar CH of BArF4), 3.93 – 0.62 (43 H, m, 1 x NCH(CH3)2, 4 x PCH2N, 8 
x Cg CH2, 24 x Cg CH3, NCH(CH3)2), −7.90 (1H, dd, 
2JHP = 50.7, 49.5 Hz, syn,rac 
MnH), −7.95 (1H, t, 2JHP = 55.3 Hz, meso MnH), −8.67 (1H, dd, 
2JHP = 55.6, 43.2 Hz, 
anti,rac MnH); 31P{1H} NMR (162 MHz; d5-PhCl) δP 66.5 (d, 
2JPP = 36.1 Hz, anti,rac 
PCg), 58.3 (d, 2JPP = 36.1 Hz, anti,rac PCg), 45.8 (m, syn,rac PCg, meso PCg). 
5.4.29  In situ reaction of 
[Mn(PCgNBnPCg)(CO)3Br/NaBArF4 with H2  
A Youngs NMR tube was charged with [Mn(PCgNBnPCg)(CO)3Br] (31.6 mg, 0.040 mmol) 
and NaBArF4 (35.9 mg, 0.040 mmol) in a glovebox and d5-chlorobenzene (~0.6 mL) was 




added to form a yellow/orange suspension. The suspension was frozen in liquid nitrogen 
and the tube was evacuated. The solution was thawed and allowed to warm to room 
temperature. The tube was backfilled with H2 (1 bar) and shaken.   
1H NMR (400 MHz; d5-PhCl) δH 9.65 (1H, br s, NH), 8.24 (8H, br s, o-Ar CH of BAr
F
4), 
7.61 (4H, br s, p-Ar CH of BArF4), 7.30-7.08 (5H, m, Ar CH), 4.28 – 0.51 (38 H, m, 2x 
Bn CH2), 4 x PCH2N, 8 x Cg CH2, 24 x Cg CH3), −8.06 (2H, m, 1 x meso MnH, 1 x 
syn,rac MnH), −8.63 (1H, m, anti,rac MnH); 31P{1H} NMR (162 MHz; d5-PhCl) δP 
58.6 (br, anti,rac PCg), 52.0 (br, anti,rac PCg), 46.7 (s, meso PCg), 46.3 (d, 2JPP = 46.1 






















5.5 Electrochemical Experimental Details 
Cyclic voltammograms were recorded under Ar in a glovebox in 0.1 M [Bu4N][B(C6F5)4] 
electrolyte solutions in PhF at ambient temperature, 20-22 °C. Cyclic voltammetry 
experiments, using a standard three-electrode configuration, were conducted using a CHI 
660C potentiostat interfaced with a computer using CHI 700D software. Cyclic 
voltammetric scans were recorded using a glassy carbon working electrode with 1 mm 
disc diameter, a silver wire pseudoreference electrode, and a platinum wire counter 
























5.6 Crystallographic Data  
Table 5.1: Crystal data and structure refinement for L2 
Identification code  L2 
Empirical formula  C22H40O2P2  
Formula weight  398.48  
Temperature/K  100(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  8.7382(2)  
b/Å  11.1445(3)  
c/Å  13.4535(4)  
α/°  104.296(2)  
β/°  95.231(2)  
γ/°  103.828(2)  
Volume/Å3  1216.97(6)  
Z  2  
ρcalcg/cm
3  1.087  
μ/mm-1  0.191  
F(000)  436.0  
Crystal size/mm3  0.367 × 0.269 × 0.232  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.918 to 55.968  
Index ranges  -11 ≤ h ≤ 11, -14 ≤ k ≤ 14, -17 ≤ l ≤ 9  
Reflections collected  21452  
Independent reflections  5869 [Rint = 0.0423, Rsigma = 0.0414]  
Data/restraints/parameters  5869/0/247  
Goodness-of-fit on F2  1.034  
Final R indexes [I>=2σ (I)]  R1 = 0.0409, wR2 = 0.0925  
Final R indexes [all data]  R1 = 0.0630, wR2 = 0.1035  
Largest diff. peak/hole / e Å-3  0.64/-0.43  
 
Table 5.2: Crystal data and structure refinement for [PtCl2(L2)] 
Identification code  [PtCl2(L2)]
 
Empirical formula  C23H42Cl4O2P2Pt  
Formula weight  749.39  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/c  
a/Å  15.3027(6)  
b/Å  11.8212(4)  
c/Å  17.6415(6)  
α/°  90  




β/°  111.981(2)  
γ/°  90  
Volume/Å3  2959.30(19)  
Z  4  
ρcalcg/cm
3  1.682  
μ/mm-1  5.229  
F(000)  1488.0  
Crystal size/mm3  0.352 × 0.204 × 0.19  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.252 to 55.974  
Index ranges  -20 ≤ h ≤ 18, 0 ≤ k ≤ 15, 0 ≤ l ≤ 23  
Reflections collected  7113  
Independent reflections  7113 [Rint = N/A, Rsigma = 0.0369]  
Data/restraints/parameters  7113/12/302  
Goodness-of-fit on F2  1.045  
Final R indexes [I>=2σ (I)]  R1 = 0.0289, wR2 = 0.0642  
Final R indexes [all data]  R1 = 0.0369, wR2 = 0.0673  
Largest diff. peak/hole / e Å-3  2.47/-1.28  
 
Table 5.3: Crystal data and structure refinement for [Pt(CO)(L1)] 
Identification code  [Pt(CO)(L1)] 
Empirical formula  C25H44OP2Pt  
Formula weight  617.63  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  11.6873(4)  
b/Å  15.8581(6)  
c/Å  14.5212(5)  
α/°  90  
β/°  94.052(2)  
γ/°  90  
Volume/Å3  2684.61(17)  
Z  4  
ρcalcg/cm
3  1.528  
μ/mm-1  5.359  
F(000)  1240.0  
Crystal size/mm3  0.25 × 0.2 × 0.19  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.808 to 55.762  
Index ranges  -15 ≤ h ≤ 15, 0 ≤ k ≤ 20, 0 ≤ l ≤ 19  
Reflections collected  8036  
Independent reflections  8036 [Rint = N/A, Rsigma = 0.0934]  
Data/restraints/parameters  8036/0/275  




Goodness-of-fit on F2  1.038  
Final R indexes [I>=2σ (I)]  R1 = 0.0587, wR2 = 0.1283  
Final R indexes [all data]  R1 = 0.0869, wR2 = 0.1406  
Largest diff. peak/hole / e Å-3  2.83/-2.23  
 
Table 5.4: Crystal data and structure refinement for [Pt(CO)(L2)] 
Identification code  [Pt(CO)(L2)] 
Empirical formula  C23H40O3P2Pt  
Formula weight  621.58  
Temperature/K  100  
Crystal system  triclinic  
Space group  P-1  
a/Å  10.3806(6)  
b/Å  11.5388(7)  
c/Å  12.1554(7)  
α/°  65.148(2)  
β/°  81.680(3)  
γ/°  75.180(2)  
Volume/Å3  1276.04(13)  
Z  2  
ρcalcg/cm
3  1.618  
μ/mm-1  5.644  
F(000)  620.0  
Crystal size/mm3  0.453 × 0.233 × 0.196  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.986 to 61.114  
Index ranges  -14 ≤ h ≤ 14, -16 ≤ k ≤ 16, -17 ≤ l ≤ 17  
Reflections collected  30064  
Independent reflections  7805 [Rint = 0.0215, Rsigma = 0.0193]  
Data/restraints/parameters  7805/0/274  
Goodness-of-fit on F2  1.037  
Final R indexes [I>=2σ (I)]  R1 = 0.0139, wR2 = 0.0308  
Final R indexes [all data]  R1 = 0.0148, wR2 = 0.0310  
Largest diff. peak/hole / e Å-3  0.57/-0.69  
 
Table 5.5: Crystal data and structure refinement for L3 
Identification code  L3 
Empirical formula  C30H48O2P2  
Formula weight  502.62  
Temperature/K  100.03  
Crystal system  monoclinic  
Space group  P21/c  
a/Å  9.5684(3)  




b/Å  24.5414(8)  
c/Å  11.9780(4)  
α/°  90  
β/°  94.2236(19)  
γ/°  90  
Volume/Å3  2805.06(16)  
Z  4  
ρcalcg/cm
3  1.190  
μ/mm-1  0.180  
F(000)  1096.0  
Crystal size/mm3  0.235 × 0.212 × 0.095  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.32 to 55.928  
Index ranges  -12 ≤ h ≤ 9, -32 ≤ k ≤ 32, -15 ≤ l ≤ 15  
Reflections collected  38237  
Independent reflections  6730 [Rint = 0.0823, Rsigma = 0.0599]  
Data/restraints/parameters  6730/0/307  
Goodness-of-fit on F2  1.016  
Final R indexes [I>=2σ (I)]  R1 = 0.0427, wR2 = 0.0874  
Final R indexes [all data]  R1 = 0.0728, wR2 = 0.0990  
Largest diff. peak/hole / e Å-3  0.30/-0.28  
 
Table 5.6: Crystal data and structure refinement for 3.1.CH2Cl2 
Identification code  3.1.CH2Cl2  
Empirical formula  C31H50Cl4O2P2Pt  
Formula weight  853.54  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  12.1548(3)  
b/Å  21.7169(6)  
c/Å  13.4481(4)  
α/°  90  
β/°  102.4443(17)  
γ/°  90  
Volume/Å3  3466.42(17)  
Z  4  
ρcalcg/cm
3  1.635  
μ/mm-1  4.475  
F(000)  1712.0  
Crystal size/mm3  0.33 × 0.28 × 0.12  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.624 to 55.904  
Index ranges  -15 ≤ h ≤ 15, -28 ≤ k ≤ 27, -17 ≤ l ≤ 17  




Reflections collected  31000  
Independent reflections  8284 [Rint = 0.0460, Rsigma = 0.0432]  
Data/restraints/parameters  8284/0/361  
Goodness-of-fit on F2  0.999  
Final R indexes [I>=2σ (I)]  R1 = 0.0302, wR2 = 0.0664  
Final R indexes [all data]  R1 = 0.0408, wR2 = 0.0702  
Largest diff. peak/hole / e Å-3  2.49/-1.21  
 
Table 5.7: Crystal data and structure refinement for [PtCl2(PPhobNiPrPPhob)].CH2Cl2 
Identification code  [PtCl2(P
PhobNiPrPPhob)].CH2Cl2 
Empirical formula  C22H41Cl4NP2Pt  
Formula weight  718.39  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/c  
a/Å  14.0845(4)  
b/Å  12.9761(3)  
c/Å  14.3493(3)  
α/°  90  
β/°  91.0190(14)  
γ/°  90  
Volume/Å3  2622.09(11)  
Z  4  
ρcalcg/cm
3  1.820  
μ/mm-1  5.893  
F(000)  1424.0  
Crystal size/mm3  0.408 × 0.245 × 0.171  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.892 to 55.902  
Index ranges  -17 ≤ h ≤ 18, -16 ≤ k ≤ 17, -18 ≤ l ≤ 18  
Reflections collected  23831  
Independent reflections  6303 [Rint = 0.0322, Rsigma = 0.0317]  
Data/restraints/parameters  6303/0/273  
Goodness-of-fit on F2  1.016  
Final R indexes [I>=2σ (I)]  R1 = 0.0209, wR2 = 0.0429  
Final R indexes [all data]  R1 = 0.0256, wR2 = 0.0442  
Largest diff. peak/hole / e Å-3  1.42/-0.69  
 
Table 5.8: Crystal data and structure refinement for [PtCl2(PCgNMePCg)] 
Identification code  [PtMe2(P
CgNMePCg)] 
Empirical formula  C25H45NO6P2Pt  
Formula weight  712.65  
Temperature/K  100(2)  




Crystal system  monoclinic  
Space group  P21/c  
a/Å  12.6070(7)  
b/Å  13.5183(8)  
c/Å  16.3130(10)  
α/°  90  
β/°  95.759(4)  
γ/°  90  
Volume/Å3  2766.1(3)  
Z  4  
ρcalcg/cm
3  1.711  
μ/mm-1  5.228  
F(000)  1432.0  
Crystal size/mm3  0.542 × 0.417 × 0.352  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.922 to 56.144  
Index ranges  -16 ≤ h ≤ 16, -17 ≤ k ≤ 17, -21 ≤ l ≤ 20  
Reflections collected  25135  
Independent reflections  6682 [Rint = 0.0242, Rsigma = 0.0222]  
Data/restraints/parameters  6682/0/327  
Goodness-of-fit on F2  1.023  
Final R indexes [I>=2σ (I)]  R1 = 0.0180, wR2 = 0.0402  
Final R indexes [all data]  R1 = 0.0215, wR2 = 0.0412  
Largest diff. peak/hole / e Å-3  1.14/-0.81  
 
Table 5.9: Crystal data and structure refinement for [PtMe2(PCgNiPrPCg)] 
Identification code  [PtMe2(P
CgNiPrPCg)] 
Empirical formula  C27H49NO6P2Pt  
Formula weight  740.70  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/c  
a/Å  12.4146(3)  
b/Å  16.8178(5)  
c/Å  14.6775(4)  
α/°  90  
β/°  98.409(2)  
γ/°  90  
Volume/Å3  3031.51(14)  
Z  4  
ρcalcg/cm
3  1.623  
μ/mm-1  4.773  
F(000)  1496.0  
Crystal size/mm3  0.316 × 0.258 × 0.186  




Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.316 to 55.898  
Index ranges  -16 ≤ h ≤ 16, -22 ≤ k ≤ 22, -18 ≤ l ≤ 19  
Reflections collected  27231  
Independent reflections  7265 [Rint = 0.0278, Rsigma = 0.0265]  
Data/restraints/parameters  7265/0/346  
Goodness-of-fit on F2  1.028  
Final R indexes [I>=2σ (I)]  R1 = 0.0189, wR2 = 0.0367  
Final R indexes [all data]  R1 = 0.0229, wR2 = 0.0375  
Largest diff. peak/hole / e Å-3  0.57/-0.43  
 
Table 5.10: Crystal data and structure refinement for [PtMe2(PCgNBnPCg)] 
Identification code  [PtMe2(P
CgNBnPCg)] 
Empirical formula  C31H49NO6P2Pt  
Formula weight  788.74  
Temperature/K  100(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  8.85060(10)  
b/Å  13.7294(2)  
c/Å  15.7434(2)  
α/°  72.4960(10)  
β/°  79.0820(10)  
γ/°  87.4030(10)  
Volume/Å3  1791.29(4)  
Z  2  
ρcalcg/cm
3  1.462  
μ/mm-1  4.044  
F(000)  796.0  
Crystal size/mm3  0.374 × 0.312 × 0.138  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.76 to 55.972  
Index ranges  -11 ≤ h ≤ 11, -18 ≤ k ≤ 18, -20 ≤ l ≤ 20  
Reflections collected  32909  
Independent reflections  8595 [Rint = 0.0254, Rsigma = 0.0234]  
Data/restraints/parameters  8595/60/396  
Goodness-of-fit on F2  1.023  
Final R indexes [I>=2σ (I)]  R1 = 0.0189, wR2 = 0.0427  
Final R indexes [all data]  R1 = 0.0214, wR2 = 0.0434  
Largest diff. peak/hole / e Å-3  1.22/-0.46  
 
Table 5.11: Crystal structure and data refinement for [Mn(PPhobNiPrPPhob)(CO)3Br] 
Identification code  [Mn(PPhobNiPrPPhob)(CO)3Br] 




Empirical formula  C24H39BrMnNO3P2  
Formula weight  586.35  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  9.21980(10)  
b/Å  15.7075(3)  
c/Å  17.8248(3)  
α/°  90  
β/°  90.6360(10)  
γ/°  90  
Volume/Å3  2581.23(7)  
Z  4  
ρcalcg/cm
3  1.509  
μ/mm-1  2.209  
F(000)  1216.0  
Crystal size/mm3  0.499 × 0.306 × 0.245  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.952 to 55.896  
Index ranges  -12 ≤ h ≤ 12, -20 ≤ k ≤ 20, -22 ≤ l ≤ 23  
Reflections collected  23450  
Independent reflections  6190 [Rint = 0.0429, Rsigma = 0.0407]  
Data/restraints/parameters  6190/0/291  
Goodness-of-fit on F2  1.039  
Final R indexes [I>=2σ (I)]  R1 = 0.0349, wR2 = 0.0892  
Final R indexes [all data]  R1 = 0.0467, wR2 = 0.0945  
Largest diff. peak/hole / e Å-3  0.54/-0.92  
 
Table 5.12: Crystal structure and data refinement for [Mn(PCgNiPrPCg)(CO)3Br].C6H6 
Identification code  [Mn(PCgNiPrPCg)(CO)3Br].C6H6 
Empirical formula  C34H49BrMnNO9P2  
Formula weight  812.53  
Temperature/K  99.99  
Crystal system  orthorhombic  
Space group  Pbca  
a/Å  20.2109(7)  
b/Å  17.9696(6)  
c/Å  20.4065(7)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  7411.3(4)  
Z  8  
ρcalcg/cm
3  1.456  




μ/mm-1  1.573  
F(000)  3376.0  
Crystal size/mm3  0.401 × 0.347 × 0.206  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.63 to 55.92  
Index ranges  -26 ≤ h ≤ 26, -23 ≤ k ≤ 23, -26 ≤ l ≤ 26  
Reflections collected  130814  
Independent reflections  8908 [Rint = 0.0801, Rsigma = 0.0363]  
Data/restraints/parameters  8908/180/474  
Goodness-of-fit on F2  1.006  
Final R indexes [I>=2σ (I)]  R1 = 0.0283, wR2 = 0.0582  
Final R indexes [all data]  R1 = 0.0457, wR2 = 0.0642  
Largest diff. peak/hole / e Å-3   
 
Table 5.13: Crystal structure and data refinement for [Mn(PPhobNMePPhob)(CO)3][BArF4] 
Identification code  [Mn(PPhobNMePPhob)(CO)3][BAr
F
4] 
Empirical formula  C54H47BF24MnNO3P2  
Formula weight  1341.61  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  19.6524(4)  
b/Å  14.5535(4)  
c/Å  21.3986(5)  
α/°  90  
β/°  113.0170(10)  
γ/°  90  
Volume/Å3  5633.0(2)  
Z  4  
ρcalcg/cm
3  1.582  
μ/mm-1  0.415  
F(000)  2712.0  
Crystal size/mm3  0.427 × 0.239 × 0.233  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.388 to 55.874  
Index ranges  -25 ≤ h ≤ 25, -18 ≤ k ≤ 19, -27 ≤ l ≤ 28  
Reflections collected  38204  
Independent reflections  13386 [Rint = 0.0337, Rsigma = 0.0404]  
Data/restraints/parameters  13386/108/830  
Goodness-of-fit on F2  1.022  
Final R indexes [I>=2σ (I)]  R1 = 0.0369, wR2 = 0.0786  
Final R indexes [all data]  R1 = 0.0545, wR2 = 0.0860  
Largest diff. peak/hole / e Å-3  0.49/-0.41  
 




Table 5.14: Crystal structure and refinement data for 
[(Mn(PCgNiPrPCg)(CO)3Br)2Na][BArF4].C5H12.½C6H5F 
Identification code  [(Mn(PCgNiPrPCg)(CO)3Br)2Na][BAr
F
4].C5H12.½C6H5F 
Empirical formula  C96H112.5BBr2F24.5Mn2N2NaO18P4  
Formula weight  2475.25  
Temperature/K  100  
Crystal system  triclinic  
Space group  P-1  
a/Å  13.4405(4)  
b/Å  19.9309(7)  
c/Å  23.9066(8)  
α/°  69.526(2)  
β/°  88.416(2)  
γ/°  74.164(2)  
Volume/Å3  5755.5(3)  
Z  2  
ρcalcg/cm
3  1.428  
μ/mm-1  1.072  
F(000)  2526.0  
Crystal size/mm3  0.422 × 0.149 × 0.07  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.158 to 50.7  
Index ranges  -15 ≤ h ≤ 16, -23 ≤ k ≤ 24, -28 ≤ l ≤ 28  
Reflections collected  87939  
Independent reflections  21081 [Rint = 0.0866, Rsigma = 0.0767]  
Data/restraints/parameters  21081/555/1532  
Goodness-of-fit on F2  1.021  
Final R indexes [I>=2σ (I)]  R1 = 0.0481, wR2 = 0.1057  
Final R indexes [all data]  R1 = 0.0849, wR2 = 0.1197  
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